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Expert Stormwater and Wastewater Management 
Model 
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Common Terms and Units 
Term Definition 
% Percentage 
(L s-1) ha-1 Litres per second per hectare 
  Sample mean 
∆S Change in storage 
µ Mean value 
µcontinuous Mean for continuous results 
µg L-1 Microgram per litre 
µgrab Mean for grab samples 
µm Micro metres 
µS cm-1 Micro Siemens per centimetre 
µΩ cm-1 Micro ohms per centimetre 
a Constants for pollutant build-up 
A Cross-sectional area 
Aroof Roof area 
b Constant for pollutant build-up 
B Mean value for sub-catchment run-off routing 
C Run-off coefficient 
cfu 100 mL-1 Coliform forming units per 100 millilitres 
CL Confidence limit 
Co Observed pollutant concentration 
Cs 
Total coliform forming units per 100 mL/modelled 
pollution concentration 
E Nash-Sutcliffe Efficiency 
EMC Event Mean Concentration 
F Frequency 
F F-static 
f(Q) Square root error in discharge modelling 
fs Sampling frequency 
G Conductivity 
G Grams 
g(Q) Root mean square error in discharge modelling 
h(C) Relative error in modelled pollutant concentrations 
ha Hectares 
hr Hour(s) 
Ht Depth in tank at a point in time 
Hu Hazen units 
Hz Hertz 
i Rainfall intensity/number of the record 
imax Maximum rainfall burst intensity 
inew new/modified rainfall intensity 
It Inflow 
j(C) absolute error in modelled pollutant concentrations 
k Wash-off coefficient/lag time 
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Term Definition 
k(Q) Relative error in discharge modelling 
kg Kilograms 
kg ha-1 kilogram per hectare 
kg kmgut-1 Kilograms per kilometre of gutter 
kL Kilolitre 
km2 Square Kilometres 
L Litres 
L day-1 Litres per day 
L s-1 Litres per second 
l(L) 
Root mean square error in modelled water levels in the 
tank 
Lo Observed water levels 
Ls Simulated water levels 
M Metres 
M Molarity 
m s-1 Metres per second 
m2 Square metres  
m3 Cubic metres 
m3 s-1 Cubic Metres per second 
mA Milli Amperes 
Max Maximum 
mg L-1 Milligram per litre 
mg m-2 Milligrams per square metres 
Min Minutes/minimum 
mL Millilitres  
Mm Millimetres 
mm day-1 Millimetres per day 
mm hr-1 Millimetres per hour 
MPN Most Probable Number 
N Total number of data points 
Nm Nanometre 
NTU Nephelometric Turbidity Units 
O Outflow/overflow 
Oµ use Estimated mean outflow through use 
oC Degrees Celsius 
Oover Outflow through overflow 
Ot Outflow data point in time/overflow data point in time 
Ouse Outflow through use 
p 95% probability point estimation 
Pc Pollutant concentration in run-off at a point in time 
pH 
Rating on a scale from 0 to 14 to indicate acidity and 
alkalinity levels 
Po The pollutant on the surface at the beginning of an event 
Q Discharge flow 
Qmax Maximum discharge 
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Term Definition 
Qo Observed discharge 
Qr Roof run-off 
Qs Simulated discharge 
Qt Flow through the tank 
r Radius 
R2 Coefficient of determination 
rk Auto correlation coefficient 
s Seconds 
S Storage 
Sc Slope of catchment 
SS Suspended Solid (Concentration) 
St Storage in tank at a point in time 
T Temperature 
t Time in weeks, days, hours, minutes or seconds 
tc Time of concentration 
Tsites Temperature on site 
Ttank Temperature in the tank 
U Fraction urbanised 
v Velocity 
Vs Reference volume (100 mL) 
Vtot Total volume of dilutions 
x Antecedent dry period 
xo-i Result of specific sample 
y Pollutant load on surface 
yt Sample observation and time t 
Z Sum of total colonies counted on the plates 
εr Random Error 
εs Static Error 
ρ(L) 
Correlation coefficient between modelled and measured 
water levels 
σ Standard deviation 
Φ Factor 
continuous Standard deviation of continuous samples 
grab Standard deviation of grab samples 
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Abstract 
Stormwater run-off from urban developments, if left untreated can be 
detrimental to the quality of the receiving waters. To counteract the effects of 
urban development on the natural environment, holistic management 
strategies and treatment at the source have been introduced in Australia, in 
the form of catchment management authorities, legislation (e.g. Building 
And Sustainability IndeX) and design techniques, such as Water Sensitive 
Urban Design (WSUD). In practice, these principles result in lot scale 
(re)development with a Rainwater Tank (RWT), an On Site Detention (OSD) 
system and an infiltration or bio-retention system, with most of the 
overflows discharging to the existing drainage systems. It is argued in this 
thesis that the implementation of these systems on a lot scale often results in 
over design and can be considered costly for developers, thereby reducing 
the opportunity of (re) developments. OSD is currently installed only to 
control water quantity therefore, the question raised in this thesis is what 
effect does a RWT have on water quality and quantity discharges on a lot 
scale and how does this affect the discharges on a catchments scale. 
 
This study was based in Western Sydney, in particular Hawkesbury City 
Council (HCC), which is one of the fastest growing areas in Sydney and is 
part of the North-West growth sector.  A developed catchment, with known 
drainage issues, and five RWT were selected within the Council area for the 
longitudinal cross-sectional water quality and quantity data collection. The 
results of this longitudinal cross-sectional investigation were utilised in a 
commercial modelling software package (XP-SWMM) for calibration and 
verification of a lot and catchment scale stormwater quality and quantity 
models.  
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Testing of the collected water quality samples revealed that the overflow of a 
RWT had elevated numbers of microbes, and high concentrations of 
nutrients and some heavy metals. This contamination was speculated to be 
the effect of run-off and possibly biofilm growth at the air/liquid interface, 
flowing out of the tank. Furthermore, the data also indicated that RWT are 
more likely to exceed the drinking water guidelines for lead, Escherichia coli 
(E. coli) and Enterococci spp. after a storm event. 
 
The modelling of the lot scale showed reduction in discharges due to a RWT 
on-site, but the amount of reduction in the discharges was dependent on the 
end uses of the RWT. It also indicated that up to a 1-year Average 
Recurrence Interval (ARI) storm event could be stored within the RWT, 
provided the RWT is connected to multiple end uses. 
 
The lot scale water quality and quantity modelling on a lot scale showed 
minimal errors with the observed data. The catchment model indicated a 6% 
reduction in predicted run-off discharges to the receiving stream, if RWT are 
utilised throughout the catchment, but can increase in volume due to 
significantly reduced overland flooding. This shows that the gradual 
implementation of RWT through governmental incentives and (re) 
developments can have a notable impact on the run-off discharges from a 
catchment. 
 
It is concluded, as a result of these findings, that significant changes should 
be made in the relevant council legislation. These recommendations include 
strategies to assist in the implementation of WSUD on a catchment scale and 
development of RWT design guidelines. An OSD system can be replaced 
with a RWT for up to the 1-year ARI rainfall event. Further investigations 
should be conducted on the effect of bio-retention systems on the discharges 
from both a lot and catchment scale developments, and the contamination 
levels in the associated overflows from the RWT and filtration systems. 
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Chapter 1 Introduction 
1.1 Background 
Urban development is a major driving force for any economy in developed 
countries. This urbanisation increases the impervious area, which in turn 
increases the stormwater run-off generated during storm events. Urban 
stormwater drainage systems have been in existence for thousands of  years 
and were first constructed by the Mesopotamians, the Minoans and the 
Greeks (2001). A more comprehensive system consisting of a stormwater 
system and a sewerage system, was constructed by the Minoans in Knossos 
and dates from around 1100 to 700 B.C. (Angelakis, Koutsoyiannis and 
Tchobanoglous, 2005; Mays, 2001). The innovative Romans, however, 
extended the stormwater systems further and constructed a drainage system 
one metre below ground in Pompeii, with overland flows contained in the 
streets (Mays, 2001). All roof water was connected to the gutter and drained 
into the street channels. The importance of these systems was highlighted by 
the fact that they were included in the local laws, such as the Law of the 
Twelve Tables (Caponera, 2007).  
 
The water laws and knowledge gained during the Roman Empire were lost 
through the Dark Ages. By the Middle Ages cities in Europe discharged their 
effluent into the streets or in later years in a container in the rear yard (septic 
tank or receptacle removed periodically by a night cart man) (Caponera, 
2007). When Australia was colonised by the Europeans, the same methods 
were utilised in Port Jackson. By 1826, the tank stream was abandoned, 
because of the pollution in the stream from the settlement (Beder, 1998). In 
Australia, the first sewers were designed in 1835 and only limited drainage 
was constructed until the 1850s (Wong, 1999). The construction of the first 
sewer outfall was completed in 1857 and in 1877, a report was provided to 
the legislative assembly, which indicated a preference to construct and 
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expand the separated system in Sydney (Water supply and drainage, 1877; 
Clark, 1877; Wong, 1999), which was adopted. These 19th century design 
principles still apply to the Australian stormwater and sewage systems today 
(Chocat et al., 2001) with a separated system like ancient Knossos and with 
roof run-off often draining to the gutter, as in Pompeii (Drainage of Sydney, 
1877; Mays, 2001). Management of these systems has changed over time and 
a more holistic stormwater approach is now utilised. The research in this 
study focuses on the current stormwater management practices and 
implementation of more environmentally sustainable systems in Australia, 
with a particular emphasis on Western Sydney. 
 
This thesis will specifically focus on comparison of  On Site Detention (OSD) 
and Rainwater Tanks (RWT) for control of stormwater run-off, and the 
current design principles (Beder, 1993; Coombes, 2002; Coombes and Barry, 
2008; Gardiner and Hardy, 2005; Hardy et al., 2003; Mouritz, 1996; Wong, 
2006b). In practice, roof run-off volumes are often counted twice in lot scale 
stormwater design, once for the RWT and once for the OSD. Both OSD and 
RWT collect roof run-off, but an OSD detains the run-off for a limited time, 
whilst the water in the RWT is generally retained on-site indefinitely until 
used for domestic purposes (such as irrigation and drinking water). RWT are 
an example of On Site Retention (OSR) (Argue, 1997; Argue and Pezzaniti, 
2007; Argue and Scott, 2000; Melbourne Water, 2005; O'Loughlin et al., 1995). 
Through the investigation of council policies and research into stormwater 
literature, it was found that there was a significant disagreement on the 
percentage reduction that can be applied to the designed volume of OSD 
systems, as a result of a RWT on the site. The theoretical and practical design 
approaches used in this thesis provide an all-round perspective, which could 
be valuable for improving the current design guidelines for RWT and OSD 
systems in the Western Sydney Region to promote sustainable stormwater 
design. 
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1.2 Research Problem  
Stormwater systems were initially designed and managed to remove run-off 
as quickly as possible from the catchments and were discharged to the  
receiving streams (Chocat et al., 2001). Over the years, this philosophy has 
changed from an ‘end of pipe’ solution towards source control and best 
management practices (Butler and Davies, 2000). In the new millennium, the 
focus of stormwater design and management shifted to more sustainable 
approaches, which led to the implementation of Water Sensitive Urban 
Design (WSUD). WSUD is the integration of urban water cycle with urban 
planning and design and can have multiple environmental benefits 
(Melbourne Water, 2005). The implementation of sustainable living practices 
and WSUD created a further move towards Total Water Cycle Management 
(TWCM) approach. The TWCM or Integrated Water Cycle Management 
(IWCM) approach integrates all aspects of the water cycle, which include but 
are not limited to water supply, water security, public health, flood 
protection, waterway health protection, amenity and recreation 
(Niemczynowicz, 1999; Wong, 2006b; Wong, Brown and Deletic, 2008; Wong 
and Brown, 2009). The TWCM approach includes the consideration of OSD 
and RWT together, but currently both OSD and RWT use different 
independent design methods for urban drainage design. In addition, some 
guidelines have been developed for OSD design, although most guidelines 
have been inconsistent, vague or abstract, whilst others result in over design 
(O'Loughlin et al., 1995; Upper Parramatta River Catchment Trust (UPRCT) 
et al., 2005). Furthermore, guidelines are available for WSUD devices and 
RWT, but most councils in the Western Sydney region  (the study area) have 
not updated their policies or recognised these guidelines. 
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Previous research studies indicated that OSD can be replaced with a properly 
designed RWT (Argue, 1997, 1998, 2004; Argue and Scott, 2000; Coombes and 
Barry, 2008; Coombes, Frost and Kuczera, 2001; Coombes et al., 2002a; 
Coombes et al., 2002c), but these researchers often utilised hypothetical 
catchments or based their OSD design on Upper Parramatta River Catchment 
Trust (UPRCT) guidelines. The UPRCT guidelines are not applicable to some 
councils, such as Hawkesbury City Council (HCC) and Blue Mountains City 
Council (BMCC), as these councils do not have the same type of flooding 
issues as the UPRCT Councils. It has been found that the implementation of 
WSUD, and therefore RWT, into stormwater design remains slow (Wong, 
2006b; Wong, Brown and Deletic, 2008; Wong and Brown, 2009) and a change 
is needed at council level to include more water quality sensitive systems, 
whilst not increasing development costs. The above discussion shows that 
there are significant gaps in the current knowledge on the OSD and RWT in 
relation to TWCM, in particular on design guidelines and relevant council 
policies. Hence, this research aims to address these problems by conducting a 
critical literature review, experimental and modelling tasks as further 
outlined in Section 1.4.  
1.3 Study Area 
Some Australian councils are making a change towards more integrated 
design. HCC is making this change towards WSUD from traditional drainage 
design and therefore this Council area was selected as the study area for this 
research. HCC is located in the Hawkesbury River Valley and covers 2000 
km2 (see Figure 1-1). Nearly 80% of the HCC area is National Park (HCC - 
City Planning Division, 2009). The townships, Windsor and Richmond, were 
first established around 1811 and are currently on the peri-urban fringe of 
Sydney. These towns are expected to expand in the future as population is 
expected to grow from 60,930 in 2006 to 72,995 in 2031 (HCC - City Planning 
Division, 2009). The growth and resulting development needs will place a 
greater strain on the existing stormwater system. At present, HCC requires 
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that OSD be constructed as part of the majority of developments. The RWT 
utilised in this study for the water quality and quantity testing were located 
in the HCC. Although rainfall characteristics and pollution vary significantly 
throughout Australia, this study’s outcomes might be extrapolated to other 
councils or study areas in Australia. In addition, this research provides an 
indication of the impact that water quality and quantity from a RWT could 
have on receiving waters in Western Sydney.  
 
Figure 1-1 Location of study area 
This figure shows the location of study area (North Richmond) in Hawkesbury City Council NSW (▓), 
Australia. The catchment is located near Richmond, NSW and located within the Hawkesbury Nepean 
Catchment (). Significant regional centres and cities (■) are shown in the figure, including Sydney 
CBD and North Richmond. 
 
1.4 Aims and Objectives 
This research aims to develop new scientific knowledge on the impacts of 
RWT and OSD on urban stormwater quantity and quality characteristics. 
This knowledge is intended to form the basis for recommendations to 
improve current design guidelines for RWT and OSD systems in the Western 
Sydney Region to promote sustainable stormwater design.  
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This thesis attempted to achieve this aim by answering the following 
research questions:  
1. What is the reduction in peak discharge, volume of discharge and 
velocity of flow when installing a RWT for retention purposes on a 
(re)developed property in Western Sydney? 
2. How do the discharge characteristics of a RWT compare with 
conventional OSD peak discharge, volume of discharge and velocity 
of flow from a (re)developed property in Western Sydney? 
3. What is the overall water quality of the reusable water in and 
overflow discharge from the RWT? 
4. How does this water quality compare with Australian Drinking Water 
Guidelines (ADWG) (National Health and Medical Research Council 
& Natural Resource Management Ministerial Council (NHMRC & 
NRMMC), 2004), the Australian Fresh and Marine Water Quality 
Guidelines (AFWG) (Australian and New Zealand Environment and 
Conservation Council and Agriculture and Resource Management 
Council of Australian and New Zealand (ANZECC & ARMCANZ), 
2000a, 2000b), the Australian guidelines for water recycling (Natural 
Resource Management Ministerial Council, Environment Protection 
and Heritage Council and National Health and Medical Research 
Council (NRMMC / EPHC & HNMRC), 2009) and local council 
guidelines? 
5. How does the RWT water quality compare with conventional OSD 
water quality? 
6. What is the effect of lot scale RWT systems on catchment scale 
discharge characteristics? 
7. What recommendations can be made to improve current council and 
government legislation in regards to urban stormwater management? 
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1.5 Scope of Work 
The project was multi-facetted and included both stormwater quality and 
quantity modelling as well as physical, biological and chemical testing of 
water from several RWT. The data for the stormwater modelling exercises 
were obtained from council, whilst additional survey of the catchment was 
obtained from two undergraduate research studies at the University of 
Western Sydney on North Richmond. Further data were collected as part of 
this project on a number of RWT and the selected stormwater system.  
 
The first task in the research was to conduct a detailed literature review on 
stormwater quantity and quality management. This was followed by a three-
stage investigation. The first stage was to conduct a pilot study (4 weeks), 
which studied ((1) potential pollutants, (2) data acquisition for on-site 
monitoring and (3) relevant water modelling software. The second stage of 
the project was to conduct a comprehensive  cross-sectional, longitudinal 
water quality and quantity study on selected sites. This study was conducted 
for a full-year (longitudinal) and across a number of different sites (cross-
sectional) to provide an overall view of stormwater and RWT water quality 
and quantity. This year-long study is referred to as 'longitudinal cross-
sectional study' in the thesis henceforth. The third and final stage was to 
develop and test models for both the lot and catchment scale applications. 
From the findings of this study and available literature, recommendations 
were made that could be useful to make changes to relevant council policies 
and government legislation. 
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1.6 Thesis Outline 
This study investigated  three distinct components: (1) source control, (2) 
water quality, and (3) modelling. Literature reviews on these particular 
topics are found in Chapter 2, Chapter 3 and Chapter 4. Chapter 2 discusses 
the differences in the control of stormwater and the use of OSD, RWT and 
WSUD. The policy section of Chapter 2 focuses on current stormwater 
policies in the Western Sydney region and how these policies affect designers 
and users in the area. Chapter 3 investigates the different pollutants 
commonly found in stormwater and current knowledge of pollutants and 
their spatial variability. Chapter 4 reviews stormwater computer modelling 
and the application of different programs. It also describes the difficulties 
faced by design engineers in the use of these programs, especially water 
quality modelling programs. 
 
The problems uncovered in the literature review form the basis for the 
qualitative and quantitative observational study, which was utilised 
subsequently in a modelling application. The data obtained from the pilot 
study on RWT are outlined and discussed in Chapter 5. Chapter 6 describes 
the methodology, results and implications of the comprehensive study on 
longitudinal cross-sectional study. Chapter 7 highlights and evaluates the 
methodology and results of the modelling studies, which are calibrated and 
validated with the measured water quality and quantity data. A discussion 
on the findings of this project with respect to the current literature on the 
practical implications, and potential improvements for design policy, 
followed by the overall conclusions are presented in Chapter 8. 
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Chapter 2 Stormwater Quantity and Policy 
2.1 Introduction 
In Australian cities, stormwater is mostly disposed of using conventional 
piped drainage systems. These drainage systems can be as old as 50 years 
and are nearing or have already passed their design life. In many cases, they 
are in desperate need of replacement and are either at full capacity, have 
passed their design capacity or are in significant need of maintenance and 
repair (Peebles, 1984). In addition, urban stormwater drainage systems have 
been under greater strain due to increases in development densities in urban 
areas. This is not only the case in Australia, as similar issues are faced in 
most developed countries.  
 
The increase in development density is associated with both redevelopment 
and greenfield subdivisions resulting in a higher proportion of impervious 
areas and a corresponding larger volume of run-off, with a higher peak 
discharge. This increase in run-off can result in increased local and 
downstream flooding and increased pollution of the receiving waters (Butler 
and Davies, 2000). Different design philosophies have been implemented 
throughout the years to detain the increase in run-off, as councils or local 
governments do not have the resources available to replace the existing 
infrastructure to ensure that the stormwater systems can manage the 
increased run-off. Based on several detention philosophies, council policies 
have been developed and adopted, stagnating the development of new 
technologies (Beder, 1993). These design philosophies, council policies and 
stormwater control methods are discussed in this chapter. 
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This chapter aims to compare and contrast the different stormwater control 
methods that have been applied and current developments of stormwater 
control and reuse techniques. It compares and discusses varying Australian 
council policies and how these policies influence the design of the 
stormwater control systems. This chapter formulates the aim of this research 
and identifies the rationale behind the choice of a Rainwater Tank (RWT) for 
retention and stormwater control, instead of the more common On Site 
Detention (OSD) system. 
2.2 Stormwater Control1 
2.2.1 Background 
The control of urban stormwater was initially achieved by using an end of 
pipe or bottom of catchment approach. Detention basins have been installed 
since 1711 in France (Pickels, 1941) and were installed to detain the discharge 
of an entire network (or section of a network) to reduce the downstream 
flooding impacts (O'Loughlin et al., 1995). These detention basins cannot be 
implemented in built-up areas due to their large sizes. This restricted their 
use in already densely populated areas and led to the development and 
implementation of source control measures. Source control involves the 
management of stormwater on a lot scale basis, as opposed to large 
catchment or system basis. It is implemented at the source of run-off. There 
are two different source control methods, namely OSD and On Site Retention 
(OSR). 
 
In order to review the different source control methods, especially in regards 
to OSD and OSR, some definitions need to be detailed. OSD is defined as the 
                                                   
1 Parts of this section have previously been published in: 
van der Sterren, M, Rahman, A, Barker, G, Ryan, G & Shrestha, S, 2007, ‘Rainwater tanks for on-
site detention in urban developments in Western Sydney: an overview’, Rainwater and Urban 
design, 21 to 23 August 2007, Sydney. 
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detention of run-off for a period of time, whilst slowly releasing the flow to 
simulate pre-development run-off or natural systems (O'Loughlin et al., 
1995). OSR is defined as the retention of run-off for a longer period of time 
for re-use or for infiltration at the development (Argue, 1997; Argue and 
Pezzaniti, 2007; Argue and Scott, 2000; Melbourne Water, 2005). The 
differences between both systems are further explained in the following 
sections. 
2.2.2 On Site Detention 
An OSD system is used to reduce peak outflows from developed sites to 
manage urban flooding. The use of OSD systems on a lot scale has been 
implemented in Australia since the 1980s. In New South Wales (NSW), the 
OSD system was first implemented by Ku-ring-gai Council, closely followed 
by Wollongong City Council (O'Loughlin et al., 1995). Since then many 
councils in Greater Sydney have implemented OSD systems. With the 
assistance of the Upper Parramatta River Catchment Trust (UPRCT), 
significant research on OSD systems has been conducted. The UPRCT has 
developed design methods that are used to control the outflow from a site by 
determining an appropriate storage volume and orifice restriction for the 
outlet (UPRCT, 2005).  
 
In the late 1980’s OSD received a boost. This was due to the NSW State 
Government adopting the ‘Urban Consolidation’ Policy (State Environmental 
Planning Policy No. 32 - Urban Consolidation (Redevelopment of Urban 
Land) (SEPP No. 32), 1991), to reduce the urban sprawl around the state’s 
cities (Scott, Santos and Argue, 1998, 1999). The No. 32 Urban Consolidation 
(SEPP No. 32, 1991) and its relation to council policy are further explained in 
Section 2.3.1. 
 
With the introduction of Sustainable Cities and Development and Best 
Management Practices (BMP) in the mid 1990’s, and the increasing concerns 
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about stormwater quality, OSD became an important research topic (e.g. 
Bulter and Parkingson, 1997; Urbanos and Stahre, 1993). The Stormwater 
Committee of Victoria noted that:  
An integrated approach directed at managing the volume and the 
rate of catchment [sic.] runoff, the quality of the [sic.] runoff and the 
habitats are necessary for supporting a healthy aquatic community 
(Stormwater Committee Victoria, 1999, p. 12). 
This increase in research was further boosted by the implementation of 
Water Sensitive Urban Design (WSUD) in the early 1990’s, resulting in a 
change of attitude away from OSD. 
 
Since 1991, the UPRCT has conducted stormwater modelling using the XP-
RAFTS model for 100-year Average Recurrence Interval (ARI) flow, which 
resulted in the design criteria: Permissible Site Discharge (PSD) and Site 
Storage Requirement (SSR) (UPRCT, 2005). The SSR and PSD are the 
governing factors of the OSD design in the area of the UPRCT. The SSR is 
'the total volume required for overall storage when outflows occur through 
the primary and secondary orifice outlets’ (UPRCT, 2005, p. 1-7) and the PSD 
is ‘the maximum allowable discharge leaving the site in 
Litres/second/hectare or in Litres/second when applied to a specific site’ 
(UPRCT, 2005, p. 1-8). These requirements are used to design the OSD 
system and generally results in very large detention tanks (Argue and Scott, 
2000). This OSD design method has been adopted by some councils in 
Australia, which is further discussed in Section 2.3.2. 
 
It can be summarised that a significant volume of research has been 
conducted on OSD since 1991. The research highlights the differing opinions 
on the applicability of OSD in urban redevelopment and new developments. 
The OSD concept did have some teething problems and some of these are 
now recognised as inherent drawbacks of the OSD system.  
 
M.F.E. van der Sterren   
13 
The OSD systems were introduced to reduce the peak and volume of run-off 
downstream by installing smaller OSD systems upstream of the outlet. It is 
advantageous to have an OSD upstream, because flood peaks are not 
transferred immediately downstream (American Public Works Association 
Research Foundation (APWA) and Institute for Water Resources of the 
American Public Works Association, 1981; O'Loughlin et al., 1995). An OSD 
system is designed so that the peak flows discharging from the property are 
not increased (APWA, 1981; Joliffe, 1997). The disadvantage of the OSD 
systems as a result of development is that upstream sites can require an OSD 
basin that needs a significant amount of space (Smith, 1994), which can be 
larger in OSD/catchment area ratio than in a downstream system basin. 
 
The potential flooding of the new developments due to increased run-off 
could be controlled or solved by upgrading the existing stormwater 
infrastructure. Section 94 of the Environmental Planning and Assessment Act 
(1979) was designed to obtain funding for such an overhaul (especially by 
contributions from developers), but would not protect the receiving waters 
(O'Loughlin et al., 1995). OSD solves these problems at the source and the 
cost is transferred to the developer (O'Loughlin et al., 1995) rather than the 
council, thus creating a user pays scenario. The disadvantages of this 
approach is that costs can be significant and the cost to all parties can exceed 
the benefits (Nicholas and Cooper, 1984; O'Loughlin et al., 1995), especially 
in regards to the high cost of underground OSD tanks (Smith, 1994). 
 
Limited water quality control is provided in an OSD basin. A screened orifice 
captures gross pollutants and protects the orifice from blocking (Goyen, Lees 
and Phillips, 2002; Nicholas, 1995). This results in pollutants being collected 
in the OSD basin or underground tank, which in turn creates the need for 
continuous maintenance (APWA, 1981; O'Loughlin et al., 1995).  
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Attempts have been made to resolve issues with the lack of maintenance of 
OSD systems. One solution is the requirement that a maintenance schedule 
be submitted with a Construction Certificate (CC) or Occupation Certificate 
(OC) application (the application process is explained and discussed in 
Section 2.3.1). This, however, does not guarantee an adequately functional 
system, as owners are required (especially in an underground tank) to clean 
their OSD basins. Some of the issues arising for an owner cleaning their OSD 
systems is that WorkCover NSW requires the cleaner to have gas testing 
equipment, twelve volt safety lighting and protective clothing (Smith, 1994). 
This has resulted in plumbing contractors incorporating this type of 
maintenance service into their business profile. Usually the water quality 
control achieved by a screened orifice is directly counteracted by inadequate 
maintenance of the system. In addition, there is also a lack of resources at 
councils to enable compliance officers to inspect OSD systems regularly to 
ensure that the systems are maintained in accordance with the maintenance 
schedules. 
 
The lack of maintenance has prompted legislation to change and often an 
above ground OSD basin has become the preferred construction method 
(UPRCT, 2005). The use of an underground tank is further discouraged due 
to problems with vermin (for example cockroaches, mosquitoes and rats), 
ponding in tanks and the problems associated with the out of sight out of 
mind concept (O'Loughlin et al., 1995; Smith, 1994). This simple requirement 
of an above ground OSD basin cannot always be achieved due to the 
topography of the site or due to maximising the financial gains of the 
development (Smith, 1994). It can be said that the above or below ground 
argument is governed by topography and economics, therefore no general 
solution may be recommended. 
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Legislative bodies and councils can develop simple and effective rules for 
particular stormwater management systems by modelling the system in 
detail (O'Loughlin et al., 1995), but this has not been conducted by many 
councils. This has resulted in some councils not effectively managing 
flooding and has led to increased flow rates and associated problems in the 
lower parts of the catchment (O'Loughlin et al., 1995). Furthermore, in the 
past, requirements were unclear, non-uniform or too simplistic (Nicholas and 
Cooper, 1984; O'Loughlin et al., 1995; Smith, 1994), resulting in the 
construction of inadequate systems. The design methods have been 
improved through a significant volume of research (Patarapanich and 
Kandasamy, 1996), which resulted in the development of regulations such as 
High Early Discharge (HED), frequency staged storage, tail water 
compensation and pumped discharges (Nicholas, 1995). These improvements 
in design methods have resulted in councils to adopt differing policies. 
Designers, developers and tradespersons are, therefore, dealing with a 
number of different regulations and policies for each council area. The 
disadvantage of differing policies is further discussed and analysed in 
Section 2.3. 
 
OSD systems have been widely accepted by many councils and developers 
(O'Loughlin et al., 1995), but some researchers, councils, developers and 
designers still disagree with council OSD policies. In addition, uninformed 
owners or tenants have the tendency to remove the orifice plate from the 
discharge control pit resulting in the system being totally ineffective 
(Nicholas and Cooper, 1984). The owners and tenants can investigate the 
sudden ‘flooding’ of the driveway to find the orifice, as the source of 
blockage and, as the proper use of the system has not been explained to 
them, they often remove the orifice. Other studies have also found that 
detention basins can have an impact on the perceived cost of a development, 
which can be minimised through design and maintenance (Lee and Li, 2008). 
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Another drawback of an OSD system is that the water cannot be reused by 
the source properties. Joliffe (1997, p. 68) states that ‘detention basins and 
wetlands are designed to primarily control potential increases in peak flow 
rates, without having any significant impact or change in water yield.’ Total 
Water Cycle Management (TWCM) requires the run-off of the development 
to be used within the development to reduce water demand and stormwater 
discharge. It can therefore be concluded that OSD basins would not assist in 
achieving TWCM. 
2.2.3 Water Sensitive Urban Design 
OSR, as defined in Section 2.2.1, attempts to reduce peak run-off and volume, 
minimise pollution and harvest the stormwater for reuse (Argue, 2004). This 
is the same concept as the commonly used term WSUD, which was initially 
developed in Perth to manage stormwater quality (Argue, 2004). Since 2000, 
WSUD or OSR have been developed to be a ‘holistic sustainable water 
management framework’ (Wong, 2006b, p. 213) They have also have been 
implemented in various projects (McAlister, 1998) and have become the 
backbone of TWCM or Integrated Water Cycle Management (IWCM). WSUD 
is similar to Low Impact Design (LID) from the United States of America 
(USA) and Sustainable Urban Drainage Systems (SUDS) developed in the 
United Kingdom (UK) (Szöllösi-Nagy and Zevenbergen, 2005). The 
Netherlands has also promoted RWT implementation by providing a 
discount to the sewage rates related to the area disconnected from the system 
(van Dooren, 2009). 
 
There are a number of different stormwater control devices that can be used 
for stormwater quality and quantity management that are classified as 
WSUD or OSR devices. These include bio-retention basins, RWT and 
infiltration trenches. According to Wong (2006b), the design for the WSUD 
devices can be scaled according to the catchment area. This indicates that all 
devices can be used on a lot, subdivision and regional scale.  
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There are nine devices that are commonly considered to be key WSUD 
devices (URS Australia Pty Ltd, 2004). All WSUD devices, depending on 
their design, can also be OSR devices, as the collected run-off is infiltrated 
on-site or reused. Even though RWT are part of the WSUD or OSR design 
philosophy, they are considered separate in this thesis, as these systems are 
easily implemented on a lot scale, with significant benefit to both the 
developer and the owner. In addition, the focus will be on RWT with WSUD 
techniques considered only in part. The next section will briefly discuss the 
WSUD techniques, followed by a section on RWT. For the purpose of this 
thesis, WSUD will be used to represent both OSR and WSUD elements, 
excluding RWT. 
 
There is a significant volume of literature on WSUD and these principles 
have been adopted throughout Australia by a number of councils and 
government organisations (McAlister, 1997). The widespread adoption of 
these methods is especially visible in Melbourne and Brisbane (Brisbane City 
Council, 2008a; Melbourne Water, 2004). In addition, a large number of 
specifications, frameworks and technical documents have been developed by 
the UPRCT, Blacktown City Council (BCC) and the Hills Shire Council (HSC) 
with the support of the NSW Stormwater Trust and Sydney Water 
Corporation (SWC) (URS Australia Pty Ltd, 2004). The technical 
specifications indicate how WSUD elements can be designed and what their 
purpose could be. These technical specifications are briefly reviewed and the 
WSUD elements discussed in this section. 
 
The WSUD philosophy uses a treatment train approach. Primary treatment 
removes gross pollutants. This can be achieved by screening or rapid 
settlement techniques (URS Australia Pty Ltd, 2004). This is followed by 
secondary treatment, which removes fine particles by utilising filtration 
processes. Tertiary treatment is often optional and can follow secondary 
treatment to further enhance the stormwater quality by removal of nutrients 
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(URS Australia Pty Ltd, 2004). In addition, some WSUD elements can also 
assist in reducing local flooding if implemented and constructed properly 
(Argue and Pezzaniti, 2007; Ashley et al., 2007; Ferguson, 1995; Ladson et al., 
2006; Parker, 2010). 
 
Not all of the WSUD devices may be applicable to lot scale developments. 
Furthermore, local soil conditions and geology may reduce the effectiveness 
of certain devices. The WSUD devices can be combined with OSD systems 
and RWT to further reduce flows and treat the water quality. In particular, 
permeable pavement can easily be combined with an above ground OSD, 
whilst landscaping management systems can be applied in vegetated OSD 
basins. Swales commonly used to convey for overland flows from OSD 
basins.  
 
Sand filters, bio-retention basins, infiltration trenches and infiltration basins 
can be applied in conjunction with a RWT and OSD system to further reduce 
the volume and peak of flows (Parker, 2010; URS Australia Pty Ltd, 2004) 
and potentially mimic natural flows (Davis and Birch, 2008; DeBusk, Hunt 
and Line, 2010). The roof area would need to be retained in the RWT and the 
remaining area and the overflow from the RWT to be treated through one of 
the above retention systems (see Figure 2-1 and Figure 2-2), which is similar 
to a pond and tank system trialled in the UK (Scholz, 2004). The bio-retention 
basin in combination with a RWT, however, is more likely to contain the 
flows and maintain council standards than a sand filter - RWT combination. 
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Figure 2-1  Proposed combination of RWT, OSD and bio-retention basin 
This figure shows the design of a combined OSD and bio-retention basin with a RWT on the site as well for retention. The detailed design of the combined OSD and bio-
filtration basin is shown in Figure 2-1. 
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Figure 2-2 Combined bio-retention and OSD system 
The figure shows a combined bio-retention and OSD system. The bio-retention system is designed for 
the low flows. When a storm event exceeds the bio-retention volume, the discharge control pit is used 
to control the flows into the stormwater system. 
 
The infiltration trench has been utilised in the Blue Mountains City Council 
(BMCC) for a number of years; however, it has caused some friction between 
council, designers and developers due to topography, volume of run-off and 
BMCC design criteria. The design criteria of the BMCC resulted in a number 
of filtration trenches as shown in Figure 2-3 to be constructed. This filtration 
trench configuration does not treat the suspended solids as these settle in the 
pipe and the filtration trench can fail. This is the reason that only roof run-off 
can be directly connected through the infiltration trench; all other discharges 
are to be filtered through vegetation to remove sediments (Argue, 2004). In 
addition, the BMCC requires these systems to be designed for a 1 in 100-year 
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storm, typically resulting in large systems being installed. The cost of such 
systems results in significant friction between council, designers and 
developers. In addition, gravel was required as the filter, which is shown 
only to remove sediment and heavy metals, not nutrients (Hatt, Fletcher and 
Deletic, 2007). This friction and the detailed design criteria have resulted in 
designers shying away from such systems, especially in the Blue Mountains. 
Recent changes at BMCC have resulted in a move away from the BMCC 
infiltration trench towards the Melbourne Water Guidelines (2005). 
Figure 2-3 Design drawing of the old design method for Blue Mountains 
City Council infiltration trench. 
The BMCC infiltration trench takes roofwater and some overland flow. There is no trash rack and the 
filter is made from soil and gravel. This system has some inherent problems within its design. 
 
An infiltration basin can be combined with above ground OSD basin. In 
addition, it is preferable that the run-off from frequent minor storms is 
maintained at a pre-development level, to ensure a continuous 
environmental flow to the waterways. It is, therefore, suggested that the 
infiltration / OSD basin will have to be designed in a manner that does allow 
some discharge from the system to the street drainage. This can readily be 
achieved using a drainage line (perforated) underneath a filtration area, 
which collects any discharges above saturation level (Argue, 2004), allowing 
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the remainder to be infiltrated to groundwater. Argue and others (Argue, 
2004; Argue, Hewa and Pezzaniti, 2010; Argue and Pezzaniti, 2007, 2009; 
Scott, Santos and Argue, 1998) discuss the design of these systems in regards 
to quantity considerations. 
 
It should be noted that WSUD can also be very beneficial in creating a ‘sense 
of place’ within a community (Vernon and Tiwari, 2009). On a catchment 
scale, swales, streams and basin have a bigger impact on perceived value 
than RWT through reuse and infiltration (Vernon and Tiwari, 2009); 
however, this could be different when looking at a ‘sense of place’ on a lot 
scale. In addition, the perceived environmental benefits can be significant in 
a WSUD development (Gabe, Trowsdale and Vale, 2009); however, 
maintenance of these systems (like OSD systems) can be problematic (Parker, 
2010). 
2.2.4 Rainwater Tanks 
RWT have been used since European settlement in Australia. In the 
Hawkesbury City Council (HCC) area the first impervious roof areas suitable 
for rainwater harvesting started to be constructed with the first colonial 
development in circa 1820 (Hawkesbury City Council Tourism Information, 
2009a, 2009b, 2009c). However, throughout the years from settlement 
through to the current times, RWT have been steadily replaced with 
reticulated water supplies. This commenced in 1880 with the construction of 
the Upper Nepean Scheme, as per recommendation of Clark (1877), and 
continued throughout the years. Colo Vale, among other areas, did not 
receive recirculated supplies until the early 1970’s (Rosen, 1995). Since then 
the RWT has made a comeback in Australia. 
 
  
M.F.E. van der Sterren   
23 
Australia is a dry continent, therefore RWT have been used for irrigation, 
drinking water and general water use in many instances and are relatively 
common (enHealth Council, 2004). In recent years, RWT have become very 
popular mainly as an alternative source of freshwater in urban areas 
especially in Southeast Queensland (Cameron, 2009). The adoption of RWT is 
often a personal decision by the home owner, who takes into consideration 
drivers such as cost, environment, water supply and physical compatibility 
with the existing water supply system (White, 2010). In 2004, 17% of the 
households in Australia sourced water from RWT (Australian Bureau of 
Statistics (ABS), 2007). These tanks are used in new developments, rural 
areas as well as in redevelopment projects.  
 
Increases in urbanisation and the introduction of the SEPP No. 32 (1991) have 
increased the strain not only on stormwater drainage systems, but also on 
water supply systems. Large parts of Australia have experienced cycles of 
droughts and floods, and water resource management has become a critical 
issue. Most of the run-off collected in the stormwater drainage system is 
directly diverted to the receiving waters. This run-off could be collected and 
used with the installation of RWT and these provide manageable, low impact 
storage of usable water. 
 
As a RWT most commonly collects run-off from the roof, a higher proportion 
of run-off is collected than in a dam catchment’s area. The losses from a roof 
are significantly lower than in the catchment areas, and Sydney Coastal areas 
receive more rainfall than the dam catchments (Coombes and Kuczera, 2003). 
This results in a significantly higher yield per unit catchment area. 
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Many designers use a RWT in combination with OSD. The combined system 
is set up so that the RWT collects roof run-off only and the overflow 
discharges directly to the street drainage. The run-off for the remainder of 
the development site is collected in the OSD system. This, therefore, creates 
two independent systems. In addition, the water quality from the OSD 
system is considered much worse than that of the RWT system. 
 
A different RWT and OSD system is approved by some councils such as 
BMCC and HCC. These two councils agree that the OSD system can be 
stacked on top of the Building And Sustainability IndeX (BASIX) 
requirement (BASIX Sustainability Unit, 2009). BASIX was implemented by 
the NSW Government to ensure homes are designed to use less potable 
water and to reduce greenhouse gas emissions (State Environmental 
Planning Policy (Building Sustainability Index: BASIX), 2004; BASIX 
Sustainability Unit, 2009). This requirement often results in the 
implementation of RWT on the development sites. The combined RWT, 
BASIX and OSD system has three outlets: one for water reuse at the bottom 
of the tank, one for restricted discharge half way up the tank, and a third is 
an overflow at the top of the tank (see Figure 2-4). Developers and designers 
in Western Sydney have indicated that they would prefer investing in a large 
tank and use it for storage rather than discharging stormwater to the 
drainage system (J. Catania [developer] 2008, telephone call, 20 May; G. Ryan 
[Barker Ryan Stewart], 2008, meeting, 3 September; A. Flaherty [J. Wyndham 
& Prince] 2009, meeting, 21 October). 
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Figure 2-4 Sketch of RWT with three outlets. 
The three outlet rainwater tank has a bottom outlet that services the household, a middle outlet that 
functions as an orifice and an overflow for the high flow events, such as the 1 in 100-year ARI or 
greater. 
 
In addition, one advantage of using RWT at a lot scale is that ‘these 
installations are typically smaller (in volume) and simpler, offering a bonus 
in terms of water quality and resource benefits’ (Argue, 1997, p. 73). These 
benefits have not been generally accepted and councils often do not consider 
the effect of WSUD elements or RWT on the total discharge of the proposed 
stormwater system in a development application. 
 
UPRCT (2005) has developed the fourth edition of the On-site stormwater 
detention handbook to include RWT and WSUD, which has not been widely 
accepted by all the involved councils. This fourth edition has been based on 
research conducted on the use of RWT techniques by Coombes, Frost and 
Kuczera (2001), Cardno Willing (UPRCT, 2005) and Goyen, Lees and Phillips 
(2002). The latter indicated that a reduction in SSR can be obtained if a RWT 
is utilised within the catchment, from 350 m3 ha-1 without a RWT to 150 m3 
ha-1 with a RWT. 
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Coombes, Frost and Kuczera (2001) focussed their study on the UPRCT. The 
study compared the outflow of OSD, RWT, and a combination of these two 
systems (the RWT overflow connected to the street drainage). It was 
assumed that the bottom outlet of the RWT was connected to the laundry, 
toilets and outdoor areas, and that the OSD system was designed according 
to the UPRCT handbook. The results showed that the available space in a 
RWT prior to a storm event can be used as a credit for OSD volume. This 
credit varies for each development type and ranges from 25% to 65% 
depending on the design of the system (Coombes, Frost and Kuczera, 2001; 
Joliffe and Fryar, 2000).  
 
Coombes and Barry (2008) found that on the lot scale the OSD systems 
reduced the peak discharge as required. Coombes, Frost and Kuczera (2001) 
indicate that RWT cannot be used instead of OSD, and RWT can only 
complement OSD by reducing the volume of run-off. This is contradicted by 
Joliffe (1997), Argue (1997), Herrmann and Schmida (1999), Andoh and 
Declerck (1999), Argue and Scott (2000), and Vaes and Berlamont (2001) as 
they all report that the reduction of peak discharge on the lot scale with RWT 
is not significant, but that on a catchment scale both systems provide the 
same reduction in run-off peak. This is a continuing argument, as it is 
undecided if OSD and RWT have the same impact on the water quantity, 
when determining the results on a catchment scale and a lot scale. This raised 
the question what the differences in discharge characteristics are between an 
OSD and RWT system on a lot scale and what the effect of RWT systems on 
lot scale are on catchment discharge characteristics. 
 
The volume available within the RWT is dependent on previous rainfall 
events and water demand. Often RWT systems are installed to provide a 
continuous alternative supply and can create significant monetary saving to 
both citizens and government authorities (Coombes, Kuczera and Kalma, 
2000a; Kuczera, 2008). Multiple RWT in a catchment can supplement water 
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supply and can reduce the need for upgrades in the water supply network 
(Barry and Coombes, 2006; Lucas, Coombes and Sharma, 2009). However, to 
ensure a continuous water supply through the RWT system, a detailed 
design is required at a sub daily time scale (Barry and Coombes, 2006; 
DeBusk, Hunt and Wright, 2010; Villarreal and Dixon, 2005). Methods of 
designing such systems have not been completely developed or applied to 
council Development Control Plans (DCP). Barry and Coombes (2006; , 2008) 
indicate that the design of such a system is highly dependent on the tank 
size, water demand and top-up rate, whilst others identified the roof 
catchment area to be the critical component (Ward, Memon and Butler, 
2010b). A RWT system can therefore be difficult to design.  
 
Coombes, Kuczera and Kalma (2000b) developed a model that simulates the 
water demand of a household as a function of different climatic variables. 
The model has been named the Probabilistic Urban Rainwater and Reuse 
Simulator (PURRS) (Barry and Coombes, 2006). The PURRS computer model 
has been implemented in a number of studies and it has been shown that 
RWT can provide a significant reduction in mains water demand (Coombes, 
2009; Lucas, 2009; Lucas, Coombes and Sharma, 2009). Coombes and Kuczera 
(2003) also showed that in a typical household in Sydney savings up to 71 kL 
per annum can be achieved with the use of a 5 kL RWT. The model that was 
adopted by Coombes, Kuczera and Kalma (2000b) only considers the use of 
RWT water for use in the laundry, toilet and hot water system. The water 
from the tank is only used for these purposes, because of the concern about 
the quality of water from a RWT, especially for drinking. In Western Sydney, 
some households still rely on RWT water as their sole water supply. It can be 
argued that the RWT water could be utilised for all water requirements in the 
household; however, concerns have been expressed in regards to drinking 
water quality by the Department of Health ([Environmental Health Branch] 
2008, meeting, 4 November). Other research has found that the RWT water is 
suitable for various non-potable uses even in highly developed areas 
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(Coombes, Kuczera and Kalma, 2000c; Fewkes, 1999; Helmreich and Horn, 
2009; Herrmann and Schmida, 1999; Holländer, Block and Walter, 1993; van 
Olmen, 2009). Recently the National Water Commission (2010) published the 
statement that the risk of recycled water can now be managed to reduce risks 
to level of safety comparable with existing drinking water sources and 
encourages the cost-benefit and risk analysis to determine suitability of the 
water source for consumption. The potential water quality of the RWT 
system is further discussed in Chapter 3.  
 
Past research has suggested that more detailed information is needed on the 
water demand of a household to assist designers and the development of 
policies. For the purpose of design, engineers probably could use a 
conservative value and still meet the requirements for acceptable design, if 
detailed data is not available for the region. This will ensure a robust water 
supply and an overestimation of the run-off through the overflow and first-
flush. This will result in a slight over design of the system, but will provide a 
buffer if additional areas, such as an extension or a roofed patio, are diverted 
to the RWT system. 
 
Australia has one of the world’s highest levels of water use per person 
(Australian Bureau of Statistics, 2005; Australian Bureau of Statistics (ABS), 
2007). Sydney Water (2010b) reported a total daily water use per person in 
their supply region of 315 L day-1, which indicates that nearly 233 L day-1 
(74%) could be saved using a RWT and changes to user behaviour (Randolph 
and Troy, 2008). If toilet, laundry and outdoor use are supplied from the 
RWT, a significant void space can be expected to occur in the RWT within a 
short period of time. If this is combined with expected draw down rates, an 
estimate can be made of tank usage rates and appropriate parameters for 
tank sizes can be developed. In addition, significant mains water savings can 
be achieved by utilising fit-for-purpose water supplies (Barton, 2005; Lucas 
and Coombes, 2009; Rygaard, Binning and Albrechtsen, 2011). 
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2.3  Policy1 
2.3.1 Types of Policy 
In NSW, council development standards are based on a framework 
developed by the New South Wales Department of Planning and 
Infrastructure (DPI) and set out in the Environmental Planning and Assessment 
Act (1979). These State Government legislations set out that a Local 
Environmental Plan (LEP) and a Development Control Plan (DCP) need to 
include a number of facets of development, such as how the council should 
assess applications and what type of developments require Development 
Applications (DA), CC and OC (University of Technology Sydney, 2009). 
Council LEPs regulate the type of development that is allowed and set out 
infrastructure and construction criteria, whilst the DCP provides regulations 
on the design and construction in the area. It does not include the 
infrastructure for electricity, water supply and major thoroughfares that are 
governed by Integral Energy / Origin or Energy Australia, Sydney Water 
and the Department of Transport. There are some exceptions to this, 
particularly in the inner city of Sydney, where Sydney Water controls both 
the stormwater and sewerage networks. 
 
During the development or re-development of a site, there are three 
distinctive stages that are related to council requirements. This first stage is 
the DA. This is to determine if the proposed development fits within the 
overall council area and to avoid things such as a large unit block in an area 
with small weatherboard cottages, or if the area is heritage listed. The council 
has a number of requirements that need to be met to grant a development 
approval.  
                                                   
1 Parts of this section have previously been published in: 
van der Sterren, M, Rahman, A, Shrestha, S, Barker, G & Ryan G 2009, ‘An overview of onsite 
detention policies for urban stormwater management in the Greater Western Sydney Region in 
Australia’, Water International, 34 (3), Taylor & Francis Group, UK. 
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Following this approval, a number of additional requirements are placed on 
the site by council by providing the applicant with a DA Consent. It details 
which items in the DCP are applicable and which additional requirements 
are to be met, such as OSD or replacement of kerb and gutter on the full 
frontage of the property. Water quality and quantity targets are often a 
design constrains, which are specific to the council area. These requirements 
are to be considered and some need to be submitted to a Certifying 
Authority prior to the issue of a CC. Without a CC, no actual work is allowed 
to be conducted on site for most developments. A CC should only be issued 
when the plans meet the requirements of the consent conditions and the 
relevant council's DCP. 
 
The next stage is the construction phase of the development. The Certifying 
Authority conducts a number of inspections, at least as specified in the 
Environmental Planning and Assessment Act (1979), to ensure that the 
development is constructed to the required standard and in accordance with 
the approved design. When construction is finalised, the site inspection 
reports and other additional information are submitted for the issue of an 
OC. Without an OC, the development cannot be utilised. Upon satisfying all 
the requirements of the DA, the OC documentation is issued by the 
Certifying Authority.  
 
This approval and certifying structure is used for all types of development in 
NSW, including re-developments. Due to the SEPP No. 32 (1991), the 
redevelopment of properties has increased and resulted in an increase in 
knock-down and replace or infill developments in NSW (Bunker et al., 2002; 
SEPP No. 32, 1991; ). The ‘City of Cities’ metropolitan strategy outlines that 
60% to 70% of new housing is to be built in existing areas (Searle, 2006). This 
type of development increases the strain on existing stormwater, water 
supply and sewerage networks. In the past, some upgrades have been 
completed on existing water supply and sewerage networks; however, 
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stormwater systems have not been upgraded as much, even with the 
introduction of Section 94 Environmental Planning and Assessment Act (1979). 
 
This led to the development of source control and the inclusion of OSD 
policies in the DCPs of most councils in Australia. OSD is also supported, 
because the Australian Law clearly indicates that a landowner or user is not 
allowed to increase, modify or divert flows into adjoining land, even if this 
land is a watercourse or easement. This law must be adhered to when 
redeveloping a property and therefore controls have to be placed on the 
redeveloped property to ensure that no modification to the flow regime 
occurs (Water Management Act 2000). 
 
OSD and stormwater requirements are detailed for each separate stage of the 
development proposal. These requirements are based on the discussed Acts, 
Regulations, accepted practice, research and common engineering 
knowledge. In some cases, attempts have been made to include items in the 
policies that are not scientifically proven and this gives reason for concern.  
 
The following section evaluates council policies in regards to the designer’s 
perspective. A designer works on a daily basis with varying regulations, 
which can cause significant confusion. 
2.3.2 Council Policy 
WSUD and OSD systems should be designed according to standards and 
regulations, and implemented according to practices developed by research 
and practical application within the field. These systems are highly 
dependent on the requirements of legislations, council DCPs and site 
characteristics. This section discusses current council DCPs in Western 
Sydney and compares these with DCPs (or other relevant documentation) of 
three progressive councils in Australia. The Western Sydney Region for the 
purpose of this thesis is defined to include the area shown in Figure 2-5. 
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Three documents are used as the standards for source control design in 
Australia. The first one is the Australian Standards (AS) for Plumbing and 
Drainage (AS/NZS 3500.3 (Standards Australia, 2006)), which sets the 
minimum requirements for drainage systems, gutters and box gutters. This is 
complemented by the Australian Rainfall and Runoff (AR&R) (Pilgrim, 1987, 
reprinted 1998), which is the data and methods used to calculate all rainfall 
related run-off and associated control design. Finally, a large number of 
councils in greater Sydney have taken large sections or information from the 
UPRCT Guidelines.  
 
As each council is responsible to write their own DCP (Environmental 
Planning and Assessment Act, 1979), designers deal with differing regulations 
(van de Meene, Brown and Farrelly, 2009). This inconsistency has been a 
problem for many years and has been highlighted by O’Loughlin et al. (1995) 
as one of the areas in need of further research. The suggestion that councils 
combine their regulations is partly implemented by UPRCT. BCC, HSC and 
Holroyd City Council (HC) have, however, included their own requirements 
above the UPRCT requirements in their DCPs (Blacktown City Council, 2005; 
Hills Shire Council, 2010; Holroyd City Council, 2003). The guidelines in the 
DCPs of all the reviewed councils are based on the UPRCT, local modelling, 
or first principle and are summarised in Table 2-1. In addition, the 
development requirements for Brisbane City Council (2008a, 2008b), 
Melbourne Water (2005) and Kogarah Council (2006) are also analysed, as 
these three government bodies are considered progressive in terms of 
stormwater management and continue to review their policies on a regular 
basis. 
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Figure 2-5  Map of Western Sydney region and council areas 
The  hatched area () is Upper Parramatta River Catchment and the light blue areas (■) are the councils discussed in this section 
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The majority of the previous research conducted may not be directly 
applicable to some councils in the Greater Western Sydney Region, such as 
HCC or BMCC as it is based on UPRCT requirements. HCC and BMCC do 
not have a significant local catchment flooding problem and have therefore 
not implemented the UPRCT requirements. HCC does have some flooding 
problems due to the Hawkesbury-Nepean River and South Creek. These, 
however, cannot be resolved with the use of TCWM or OSD in HCC itself. It 
requires upstream catchment management to address downstream effects. 
HCC uses OSD to reduce the run-off from new developments or 
redevelopments to ensure that the existing stormwater drainage 
infrastructure is not placed under increased strain. BMCC, on the other hand, 
uses the OSD basins to control erosion as the waterways are steep and 
increased run-off increases the erosion. This results in a different regulation 
for each of the areas (van de Meene, Brown and Farrelly, 2009), but all 
councils are attempting to reduce discharges, which are provided in Table 
2-1. 
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Table 2-1 Comparison of OSD policies of some councils and departments in Australia 
Council/Department OSD Methodology Design Principles Stormwater Model 
Blacktown City Council  
(Blacktown City Council, 2005; Upper 
Parramatta River Catchment Trust (UPRCT) et 
al., 2005) 
PSD / SSR
a
 UPRCT XP-RAFTS model 
Holroyd City Council 
(Holroyd City Council, 2003; Upper Parramatta 
River Catchment Trust (UPRCT) et al., 2005) 
PSD / SSR
a
 UPRCT XP-RAFTS model 
Hills Shire Council  
(Hills Shire Council, 2010; Upper Parramatta 
River Catchment Trust (UPRCT) et al., 2005) 
PSD / SSR
a
 UPRCT XP-RAFTS model 
Penrith City Council  
(D. Yee [Penrith City Council] 2007, phone 
call, 31 October) 
PSD / SSR
a
 High Early Discharge 
Council Model 
(manual calculation) 
Hawkesbury City Council  
(Hawkesbury City Council, 2000) 
Pre  Postb First Principle 
Blue Mountains City Council  
(Blue Mountains City Council, 2005) 
Pre  Postb First Principle 
Bankstown City Council 
(Bankstown City Council, 2006) 
Pre  Postb First Principle or Simplified Council Model 
Kogarah Council 
(Chanan and Woods, 2006; Singh, Ghetti and 
Chanan, 2007) 
PSD / SSR
a
 
Council Web based 
Calculator 
XP-RAFTS model 
Melbourne Water (Melbourne Water, 2004) Not Mentioned 
Brisbane city Council 
(Brisbane City Council, 2008a) 
Pre  Postb 
First Principle &  Location 
of Development 
 
a PSD / SSR = Permissible Site Discharge / Site Storage Requirement method 
b Pre  Post = The predevelopment discharge has to be equal or greater than the post development discharge 
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UPRCT have provided a number of solutions to control run-off. Some 
councils have followed the lead of UPRCT and conducted modelling to 
determine PSD values. Penrith City Council (PCC), for example, has 
conducted a stormwater simulation, which resulted in different PSDs for 
different suburbs within the Council area.  Some changes have been made 
recently to the local policy; however, no further stormwater detail was 
included in the new DCP (Penrith City Council, 2008). UPRCT has developed 
the fourth edition of the Stormwater Handbook to include WSUD which has 
been based on research conducted recently on the use of RWT techniques by 
Coombes, Frost and Kuczera (2001), Cardno Willing (UPRCT, 2005) and 
Phillips, Yu and Goyen (2006). Coombes, Frost and Kuczera (2001) provided 
the initial indication of reduction and has been further expanded by Phillips, 
Yu and Goyen (2006), inclusive of a number of equations to calculate the 
dynamic airspace and allowance for a dedicated airspace (the three outlet 
tanks, as discussed in 2.2.4). It is important to note that the new edition has 
not yet been widely accepted by Councils in the Greater Western Sydney 
Region. Kogarah Council (2006), Chanan and Woods (2006), and Sing, Ghetti 
and Chanan (2007) have also suggested a reduction factor to the OSD to 
promote the use of RWT in the area, whilst maintaining the control on the 
stormwater, by allowing a reduction in OSD size, based on the same 
research. Kogarah Council has also implemented a web based design tool to 
assist designers and developers in providing suitable documentation and 
design for Council approval at the DA stage (Singh, Ghetti and Chanan, 
2007). This straightforward approach to facilitating design can have a 
significant beneficial impact on council assessments, as all designs are 
conducted according to specific guidelines and presented in a similar form, 
which reduces time spent on assessing submissions and therefore increases 
the speed of approvals. 
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HCC has also been developing a new DCP in cooperation with Barker Ryan 
Stewart (previously known as Barker Ryan Consulting) to ensure that the use 
of OSR and WSUD is promoted within the Council. This company also found 
that previous research on the RWT with WSUD elements might not be 
applicable to some councils (Barker Ryan Consulting and Hawkesbury City 
Council, 2006a, 2006b, 2006c).  
 
All of these policies and guidelines are only the first step to development of a 
fully working policy on WSUD and the use of OSD. Brisbane City Council 
(2008a, 2008b) has integrated a number of developments within these fields 
in their policy, which considers the use of WSUD to reduce OSD 
requirements. Melbourne Water (2005) does not mention OSD at all and 
focuses on water quality and infiltration, rather than quantity. It should be 
noted that the state legislation for developments in Victoria and Queensland 
are significantly different from NSW state legislation (Conacher and 
Conacher, 2000; Farrier and Stein, 2006). 
 
A number of councils in the Greater Western Sydney Region have accepted 
various methodologies to adjust the OSD volume by using RWT or allowing 
the BASIX requirement to be used as an offset, as summarised in Table 2-2. 
This is in contrast with some councils, such as Kogarah City Council (2006) 
and Ku-ring-gai Council (2005), who require BASIX plus an additional 
volume stored on-site in a RWT, which are both allowed to be deducted from 
the OSD requirement. 
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The differences in application and design principles of RWT and OSD, as 
discussed in this chapter, mirror the deficiencies of current literature and 
research in this field. Absence of unified design guidelines and lack of 
understanding of the processes involved in RWT design have led to varying 
approaches of adopting the storage of stormwater in RWT systems as credit 
to OSD throughout Greater Western Sydney Region. These differing design 
parameters and constraints across councils in this region place design 
engineers in a difficult situation when selecting the most desirable and 
manageable approach of satisfying stormwater requirements of the 
respective councils (Roy et al., 2008). In addition, Gardiner and Hardy (2005) 
found, that throughout Australia, praxis is having difficulties implementing 
WSUD due to regulatory barriers, rather than cost or technical problems. 
Furthermore, some councils, such as the HSC do not seem to be in the 
process of adopting new UPRCT Guidelines, thereby discouraging the 
chance of implementing WSUD systems. The lack of WSUD implementation 
may be attributed to the lack of capacity building programs. Some education 
programs on what WSUD systems can be implemented, have been 
conducted (Dahlenburg and Lees, 2007; Schwecke et al., 2006), but further 
education is needed for assessors, planners, engineers and other professions 
utilising a collaborative approach (Roy et al., 2008; Taylor, 2000). A trans-
disciplinary approach within council is fundamental to the successful 
implementation of WSUD (Barrett, 2010; Edwards, 2008); however, a 
proactive approach within local government is also needed (Robinson, 1998; 
Roy et al., 2008; Taylor, 2000). 
 
Design curves for RWT and ‘easy’ checks have not been prepared for most of 
the councils in the Greater Western Sydney Region, which could save 
resources, time and money. Some research has been conducted in the United 
Kingdom (UK) on design curves for RWT, which should be undertaken to 
support the use of RWT in the Greater Western Sydney Region (Basinger, 
Montalto and Lall, 2010; Fewkes, 2007).  
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Table 2-2 Comparison of RWT policies of some councils and departments in Australia 
Council/Departments RWT Methodology 
Design 
Principles 
Based on 
Blacktown City Council (A. Nemantala [Blacktown City Council] 
2007, phone call, 31October) 
Reduction in OSD 
Volume in the near 
future 
UPRCT 
Calculator 
UPRCT research 
Holroyd City Council (Holroyd City Council, 2003; Upper 
Parramatta River Catchment Trust (UPRCT) et al., 2005) 
Reduction in OSD 
Volume 
Percentage 
reduction 
UPRCT funded 
research 
Penrith City Council (D. Yee [Penrith City Council] 2007, phone 
call, 31 October) 
Stack on top of BASIX First Principles 
Hawkesbury City Council (Hawkesbury City Council, 2000) Stack on top of BASIX First Principles 
Blue Mountains City Council (Blue Mountains City Council, 
2005) 
Stack on top of BASIX First Principles 
Bankstown City Council(Bankstown City Council, 2006) Stack on top of BASIX First Principles 
Kogarah City Council (Chanan and Woods, 2006; Singh, Ghetti 
and Chanan, 2007) 
1/3 offset on storage 
volume 
Web based 
Calculator 
XP-RAFTS model 
UPRCT (UPRCT, 2005) 
Credit to OSD volume 
for the use of rainwater 
tank 
Dynamic 
Airspace 
Calculator 
Cardno Willing 
Research 
Melbourne Water (City of Melbourne, 2003) 
Recommended, OSD 
not mentioned 
Not provided  
Brisbane City Council (Brisbane City Council, 2008a; 
Queensland Department of Primary Industries (Water 
Resources), The Institute of Municipal Engineering Australia 
(Queensland Division) and Brisbane City Council, 2007) 
Not Indicated Not provided 
Queensland Urban 
Drainage Model 
(QUDM) 
The Hills Shire Council(Hills Shire Council, 2010) All new developments 
UPRCT 
guidelines 
Australian 
Rainfall Quality 
(ARQ) 
UPRCT 
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A set of design curves, similar to the design curves in the UK and USA 
(Fewkes, 2007) could be used for the initial design of a lot drainage system. 
This can then be further modelled for water quality and quantity during the 
CC processing. Some research has been conducted by Barry and Coombes 
(2007), who suggested design curves for Australian situations, especially in 
respect to yield, occupancy, Trickle Top-up Volume (TTV) and Trickle Top-
up Rates (TTR). These design curves are based on the PURSS program and 
on a number of demand assumptions. The research does indicate a modified 
method to provide design curves. The method utilised is a three-axis graph 
with occupancy versus tank size and yield. This same method can also be 
used for TTV versus TTR and yield. 
 
A detailed design with a model will be required at one stage in the process, 
to maximise the water supply through the RWT system (Barry and Coombes, 
2006; Villarreal and Dixon, 2005). Barry and Coombes (2006) indicate that the 
design of such a system is highly dependent on spatial rainfall, water 
demand and top-up rate, specialist knowledge, and computer programs. 
This specific expertise would, however, create some issues in the industry 
due to lack of specific expertise in water demand modelling, publicly 
available data and monetary constraints. To counteract this, an overdesign 
could be recommended through council policy, to give an average demand 
for the area. More water demand data and water quality data will need to be 
made publicly available. The industry also needs to find a solution for the 
monetary constraints, but this could be passed on to the clients. 
 
Another aspect of stormwater control is that other WSUD elements may be 
incorporated into council DCPs. The following table (Table 2-3) highlights 
the WSUD principles that are allowed and identified in each discussed 
council DCP. Some of the WSUD elements contradict other parts of the DCP. 
For example, the HSC requires all new developments to incorporate WSUD 
but also states that: 
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kerb and gutter shall be provided on both sides of the road (Hills 
Shire Council, 2010). 
and 
full piped drainage from all kerb inlets and other inlets shall be 
provided to the boundary of the subdivision (Hills Shire Council, 
2010). 
These directly contradict the design principles of WSUD.  
2.3.3 The Future 
Council policies are working documents, which undergo continuous review. 
The holistic management approach of TWCM has been taking hold of the 
industry in the past couple of years and significant research is being 
conducted in the field of WSUD and securing Australia’s water supplies with 
the use of incentives and initiatives. There are a large number of success 
stories, but there is still a need to assist councils in reviewing DCPs. Previous 
research has shown that when local government is proactive in the change to 
TWCM the public will follow (van Dooren, 2009). PCC prepared a new LEP 
and DCP in 2007-2008 and placed this on public exhibition in 2008. The draft 
DCP did not indicate any real change in direction for stormwater design. In 
addition, the requirement that the overflow from the RWT is transferred 
directly to kerb and gutter seems illogical and there is no mention on credits 
for using WSUD elements or incorporating a RWT in the design. The DCP 
was accepted in December 2010 and includes WSUD, water quality and OSD 
requirements (Penrith City Council, 2010). Councils in NSW need to review 
their DCP and  show a clearer direction of what methods are suitable for use 
in the design and construction, but this requires the cooperation of all levels 
of government and local stakeholders (Bai et al., 2010; Mouritz, 1996). 
Furthermore, councils should also consider the focus of their DCP, as most of 
these still require ‘end of pipe’ solutions. The DCP should really aim to 
‘enhance the features and functions of the natural drainage system in order 
to maximise local environmental and economic benefits’ (Ellis, 1995, p. 2).  
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Table 2-3 Comparison of WSUD policies of some councils and departments in Australia 
Council/Departments WSUD in Policy Alternative 
Blacktown City Council 
(A. Nemantala [Blacktown City Council] 2007, 
phone call, 31 October) 
Mentioned and permissible.  - 
Holroyd City Council  
(Holroyd City Council, 2003; UPRCT, 2005) 
Outlined and design reference given - 
Penrith City Council 
(D. Yee [Penrith City Council] 2007, phone call, 
31 October) 
Not included  
Hawkesbury City Council 
(Hawkesbury City Council, 2000) 
Not mentioned Infiltration 
Blue Mountains City Council 
(Blue Mountains City Council, 2005) 
OSR and absorption and infiltration - 
Bankstown City Council 
(Bankstown City Council, 2006) 
No 
Alternative allowed when conventional 
drainage is not possible 
Kogarah City Council 
(Singh, Ghetti and Chanan, 2007) 
Bio-retention and RWT mentioned 
(no design guidelines) 
Absorption / Infiltration System 
UPRCT 
(UPRCT, 2005) 
Allowed, still requires OSD  
Melbourne Water 
(Melbourne Water, 2005) 
Recommended and required - 
Brisbane City Council 
(Brisbane City Council, 2008a) 
Recommended instead of OSD Rare circumstances: Pump out 
The Hills Shire Council 
(Hills Shire Council, 2010) 
All new developments  
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The past and current developments have shown that there are significant 
gaps in stormwater control policy, especially in regards to the 
implementation of WSUD and OSR in the policy. It is therefore 
recommended that a new overall design principle is developed to assist 
councils in the implementation of TWCM, inclusive of design and checking 
criteria for their DCPs. 
2.4 Summary 
This chapter has reviewed stormwater control and management issues with 
a focus on the Greater Western Sydney Region in Australia. The chapter 
discussed various stormwater control methods, in particularly the use of 
OSD and WSUD (and therefore OSR). It has been shown that OSD has had a 
significant contribution to development in Australia, but a more holistic 
approach is needed in stormwater design, which can incorporate and 
promote WSUD. In this chapter, it has been suggested that a move away 
from OSD might be required, or in the least the development of a solution, 
that combines the use of RWT, OSD and OSR.  
 
Previous research has indicated that the replacement of OSD with RWT is 
not possible, as a RWT only reduces the volume of discharge, not the rate of 
discharge from the development. However, there is evidence that RWT could 
have an equivalent effect on the discharge hydrograph on a catchment scale 
as OSD. The lot and catchment scale impact are however variable and more 
specific guidance is needed in the design of lot scale systems.  
 
It is suggested in this thesis, that a combination of RWT with a WSUD 
element  could be used to manage both the quantity and quality discharges 
from and lot scale and mimic OSD flows, but  no research seems to have been 
undertaken for such a system. The proposed combined lot scale system could 
mimic an OSD system, whilst improving the overall stormwater quality. 
Some modifications to the typical design are needed to maintain a pre-
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development outflow from the system, as some of these systems have a nil 
discharge to the existing systems (i.e. waterways) for all, except extreme 
events. For minor storms, pre-development discharge is preferably 
maintained to ensure environmental flows to the waterways are continued. It 
is, therefore, the aim of this research to examine the RWT component of this 
system for stormwater design, whilst managing stormwater quantity and 
enhancing stormwater quality in a simplified and more efficient manner. In 
this thesis, the RWT discharges are compared to the conventional OSD 
system, to give quantitative evidence that the new source control system 
could outweigh the benefits of OSD systems.  
 
It has also been shown that stormwater control techniques are governed by 
legislation and policies and that these regulations need to be updated to 
promote the use of TWCM. The proposed system discussed in this chapter, 
however, may be difficult to apply within various council areas in Australia 
and particularly Western Sydney, as DCPs developed by many councils do 
not allow WSUD developments to occur. In addition, it is also clear that these 
DCPs also prohibit the use of certain techniques and are inconsistent across 
various councils, even if these councils fall under the same legislation, such 
as the councils covered by the UPRCT.  
 
The difficulty of applying the principles of WSUD, instead of OSD, to new 
developments, is that the effect of these systems on the rate and volume of 
discharge is not classified, or is classified according to different design 
principles. This knowledge is considered essential to develop suitable design 
guidelines and practices for industry, to facilitate and promote the use of 
WSUD in council policy and regulations across the country. 
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Chapter 3 Stormwater Pollution 
3.1 Background 
The quality of stormwater discharging into receiving waters has been under 
scrutiny since the 1970’s. Stormwater run-off from urban development can 
have a significant impact on the overall quality of the receiving waters 
(Griffin, Randall and Grizzard, 1980; Grizzard et al., 1978; Sartor and Boyd, 
1972; Torno, Marsalek and Desbordes, 1986). As a result, the water quality of 
On Site Detention (OSD) and Rainwater Tank (RWT) discharges have also 
been questioned. Attempts have been made to improve the quality of 
stormwater run-off with the use of OSD, but it does not reduce the pollutants 
significantly (O'Loughlin et al., 1995). As discussed in Chapter 2, Water 
Sensitive Urban Design (WSUD) elements have been introduced around 
Australia to enhance the water quality (Argue, 2004; Melbourne Water, 2005; 
URS Australia Pty Ltd, 2004; Wong, 2006a), but not as often as preferred. The 
quality of the run-off is an important aspect of sustainable living and Total 
Water Cycle Management (TWCM). This chapter discusses the major 
characteristics of potential stormwater pollutants and some modelling 
approaches to highlight potential water quality impacts, as a result of RWT 
and OSD on a lot scale.  
 
In this chapter, the current legislation, practices and scientific literature in 
regards to stormwater quality are discussed, especially focusing on the 
requirements for OSD and RWT. This will be followed by a short description 
of pollutants commonly found in stormwater from OSD and RWT systems, 
focussing on their identification and impact on stormwater quality. In 
addition, the threshold values for some pollutants recommended by 
government authorities for drinking water and inland rivers are shown. 
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3.2 Water Quality and Quantity Legislation and Practices 
A large number of regulations and legislation exist in regards to water 
quality. Australia has distinct water quality guidelines for fresh water 
systems (Australian and New Zealand Environment and Conservation 
Council and Agriculture and Resource Management Council of Australian 
and New Zealand (ANZECC & ARMCANZ), 2000a, 2000b) and for drinking 
water (National Health and Medical Research Council & Natural Resource 
Management Ministerial Council (NHMRC & NRMMC), 2004). These 
guidelines are to be met within the set limits. From this point forward in this 
thesis the Australian Fresh and Marine Water Quality Guidelines will be 
denoted by AFWG (ANZECC & ARMCANZ, 2000a, 2000b) and the 
Australian Drinking Water Quality Guidelines as ADWG (NHMRC & 
NRMMC, 2004).  
 
The current guideline for stormwater quality, Australian Guidelines for Urban 
Stormwater Management (ANZECC & ARMCANZ, 2000c) is based on a risk 
management approach. This type of approach is a good solution for 
catchment wide management, but is difficult to implement on a lot scale. 
Council-wide assessments are to be made by local councils on the 
stormwater quality to set local guidelines according to the stormwater 
management guidelines. This is outside the scope of this thesis and therefore 
the allowable loading of the stormwater model in this thesis is set according 
to the AFWG (2000a, 2000b) instead of the stormwater guidelines (AFWG, 
2000c). In addition to the stormwater guideline, a guideline has also been 
published in regards to recycled stormwater and roof run-off, which is 
referred to as the Recycled Water Guideline (RWG) (Natural Resource 
Management Ministerial Council, Environment Protection and Heritage 
Council and National Health and Medical Research Council (NRMMC / 
EPHC & HNMRC), 2009). 
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Most council legislation require an orifice screen in the OSD and an in-line 
commercial pollutant filter to control the quality of discharges to the 
requirements shown in Table 3-1. The orifice screen is a mesh screen bolted  
to the OSD pit wall to remove litter, vegetation and sediment (Nicholas, 
1995). This screen removes the gross pollutants, but the gross pollutants 
captured by this screen have also been proven to trap other pollutants 
(Goyen, Lees and Phillips, 2002; UPRCT et al., 2005). In most cases, a 
commercially available pollutant filter is added to the design to reduce the 
contaminants below the threshold values shown in Table 3-1, as OSD 
systems by themselves are largely unable to meet the standards. 
 
Table 3-1 Guidelines for stormwater pollutant discharges (data from 
Wong, 2006a, p. 1-6) 
Pollutant Percentage Detained 
Suspended Solids 80% retention of average load 
Total Phosphorus 45% retention of average annual load 
Total Nitrogen 45% retention of average annual load 
Litter 
Retention of litter greater than 50 mm for flows up 
to the 3-month ARI peak flow 
Coarse Sediment 
Retention of sediment coarser than 0.125 mm for 
flows up to the 3-month ARI peak flow 
Oil and Grease 
No visible oils for flows up to the 3 month ARI 
peak flows 
 
Brisbane City Council (2008b) developed a framework for water quality 
requirements that can be specifically applied to a site based on the urban 
stormwater point of discharge to the catchment (for example a specific 
stormwater outlet or receiving stream). Other councils such as Blacktown 
City Council (BCC) (2006) and Blue Mountains City Council (BMCC) (2005) 
require the designs to protect specific receiving waters and these councils 
refer designs to the respective Catchment Management Authorities (CMA). 
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Often council legislation does not take into consideration any improvement 
in discharge water quality as a result of RWT on-site. A number of 
contrasting results have been reported in regards to the water quality of 
RWT. Evans, Coombes and Dunstan (2006, p. 37) reviewed the current 
literature on water quality of RWT and found that ‘a clear consensus on the 
quality and health risks associated with rainwater has not been reached’ for 
water use. Furthermore, research has also indicated that the internal 
processes in the RWT, such as sedimentation and micro-layer flocculation, 
can improve the water quality (Spinks et al., 2003).  
 
Most council Development Control Plans (DCP) specify that water from a 
RWT is not to be used for drinking (Blue Mountains City Council, 2005; 
Hawkesbury City Council, 2000; UPRCT, 2005) even though the New South 
Wales (NSW) Department of Health does not prohibit its use. The NSW 
Department of Health does recommend using the water only for non-potable 
purposes when town water is available (enHealth Council, 2004; 
Environmental Health Branch, 2008). In contrast to this, it was concluded by 
Heyworth, Maynard & Cunliffe (1998, p. 9) that ‘little is known about the 
associated health risks’ in regards to using water from a RWT. It should be 
noted that a large number of Australians, including some of those in Western 
Sydney, still rely on their RWT as their sole supply of water. They are 
advised by various government bodies to refer to Cunliffe (1998) and 
enHealth (2004) to determine how to maintain a RWT and how to improve 
the quality of drinking water from their RWT. 
 
A first-flush device is commonly required to be installed with a RWT system. 
A first-flush device diverts the first part of the run-off (e.g. first 5 minutes 
(min) of run-off) away from the RWT and is allowed to drain slowly 
overland. Griffin, Randall & Grizzard (1980) showed that the first 30% run-
off generated by a storm has a higher contaminant concentration and 
contains nearly 70% of the total pollutant load. Bucheli et al. (1998) and 
M.F.E. van der Sterren   
49 
Föster (1999) found that the first 2 mm of rain contains the first-flush of 
pollutants on a number of different roof types. The remaining flows for the 
roofs have a lower contaminant concentration and are treated by the natural 
processes within the RWT itself. Goonetilleke et al. (2005, p. 33) disagrees as 
the first-flush is ‘never precisely defined’ and argue that the pollutant load, 
rather than the concentration, is the governing factor for the design. Brodie 
(2007) indicated that the first-flush is hard to detect when duration of the 
storm event is similar to the time of concentration (tc) of the roof catchment 
and this can cause difficulties in designing a first-flush. The removal of 
pollutants by collecting the first-flush and separating it from the water in the 
RWT can result in better water quality in the RWT. Mendez et al. (2011), 
however, did not find a significant difference in the water quality in RWT 
with or without a first-flush. The first-flush system needs to be emptied out 
after a storm event, which often is not conducted on a regular basis. This 
defeats the purpose of the system, highlighting the importance of having a 
first-flush device that can operate without human influence. 
 
Recently some councils (e.g. Penrith City Council, 2008) have added the 
requirement to connect the overflow from the RWT directly to the street 
drainage; however, no current research could be found on the overflow 
quality. Often it is assumed that the overflow is significantly cleaner due to 
settlement of pollutants in the RWT. 
 
Notable research has been conducted in Australia on the water quality of 
urban run-off. Duncan (1999) analysed urban stormwater quality results 
from around the world and recommended typical concentrations of various 
pollutants for different land uses. This research was extended by Fletcher et 
al. (2004) who included more studies and focussed on Australian studies. 
They also examined the performance of various treatment techniques and 
indicated that a RWT would perform hydraulically similar to a basin or 
pond, but with limited re-suspension and no ultraviolet (UV) light treatment. 
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It may be argued that there are significant gaps in the current legislation in 
regards to the actual stormwater quality standards, reduction targets and 
methods of quality control required in each individual council DCP. Further 
research is required on the water quality and quantity impacts of RWT on 
receiving stormwater systems, which raised the question what the water 
quality characteristics of RWT are. 
3.3 Modelling Pollutant Levels 
3.3.1 Introduction 
Pollutants are transported from the catchment to the stormwater through 
various processes and are directly related to the catchment area, but not 
particularly land use (Brodie, 2007). This build-up and wash-off process is 
highly dependent on atmospheric deposition, biological and chemical 
processes, and erosion (Bridgman, 1992; Brodie, 2007; Bucheli et al., 1998; 
Coombes, Kuczera and Kalma, 2000c; Duncan, 1999; Edwards, 1979, 1987; 
Evans, Coombes and Dunstan, 2006; Huston et al., 2009; Manahan, 1975; 
Mays, 2001; Nicks, 1995; Schets et al., 2005; Simmons et al., 2001; Spinks et al., 
2003). Pollutants on roofs are significantly different from other surfaces, 
because pollution density and traffic volume can increase some pollutants on 
readily accessible surfaces (Evans, Coombes and Dunstan, 2006). Others have 
identified that roof run-off can be significantly contaminated (Good, 1993), 
although with different concentration and different type of pollutants than 
roads (Miguntanna, 2009). 
  
Four different methods can be used to estimate pollutant levels in run-off 
during rainfall events: (1) Event Mean Concentration (EMC), (2) regression 
equations, (3) build-up and wash-off equations and (4) probabilistic methods 
(Butler and Davies, 2000; Fletcher et al., 2004; Wong et al., 2005).  
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EMC is the simplest method to use, but it is not able to identify the variation 
within one event (Butler and Davies, 2000; Cooperative Research Centre for 
Catchment Hydrology, 2005b).  Build-up is the process prior to the rain event 
in which pollutants are deposited on the surface by various processes. The 
wash-off process occurs when these pollutants are washed off the surface 
and contained within the run-off (Butler and Davies, 2000). The probabilistic 
methods utilise random generators and distribution to predict pollution in 
run-off (Fletcher et al., 2004; Wong et al., 2005). 
 
A significant amount of data needs to be collected for this type of modelling 
and the results are to be directly linked to run-off rates (or discharges). 
Research has been conducted by Egodawatta, Thomas and Goonetilleke 
(2009) and Miguntanna (2009) on roof and road build-up. It was found that it 
took seven days to create a maximum load on a surface in Brisbane, 
Australia. Furthermore, Brodie (2007) showed that the type of surface 
governs the stormwater loading. Smith (1997) indicated that build-up 
function provide similar results as a catchment loading and therefore the 
much simpler catchment loading can be used. As each specific pollutant has 
its own characteristics catchment loading, build-up and wash-off functions, 
each pollutant is described individually in Section 0, but all use Equation 3-1 
and Equation 3-2 to describe the process.  
 
The build-up of pollutants on surfaces is considered linear and the build-up 
equation is expressed by Equation 3-1 (Ball, Jenks and Aubourg, 1998; 
Massoudieh, Abrishamchi and Kayhanian, 2008; Sartor and Boyd, 1972; Vaze 
and Chiew, 2002). 
 
       Equation 3-1 
 
where y is the pollutant load on the surface, a and b are constants depending 
on the pollutant and x is the antecedent dry period in days. 
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The wash-off equation is expressed by Equation 3-2. 
 
         
       Equation 3-2 
 
where Pc is the accumulated pollutant run-off at time (t), Po is the pollutant 
on the surface at the beginning of the event, k is the wash-off coefficient, i is 
the rainfall intensity and t is time (Sartor and Boyd, 1972; Sartor, Boyd and 
Agardy, 1974). In some research, an availability factor is introduced into 
Equation 3-2. This adds an additional parameter that would require 
calibration. As the advantages of an availability factor are often offset by 
having only to calibrate factor ‘k’ (Chen and Adams, 2006), it is considered 
that Equation 3-2 is suitable for the purposes of this study. 
 
The build-up of pollutants is dependent on wind and street sweeping (Ball, 
Jenks and Aubourg, 1998; Evans, Coombes and Dunstan, 2006; Sartor and 
Boyd, 1972; Vaze and Chiew, 2002). These effects are not included in the 
discussion and modelling, as these processes are dependent on the size of the 
pollutant and are assumed to be incorporated into build-up (a, b) and wash-
off coefficient (k). The constants a, b and k are dependent on their particular 
pollutants and discussed in Section 0.  
3.3.2 Rainwater Tank Processes 
During storage of water in a RWT, various chemical and biological processes 
take place. Well known processes are those of settlement and re-suspension 
of particles (Davis and Cornwell, 2006; Shaw, 1970), conservation of energy 
(Moeller et al., 1984; Young, Freedman and Ford, 2004) and conservation of 
mass (Moeller et al., 1984). Each of these processes plays a vital role in 
improving the water quality in a RWT and in turn ensures that the water in 
the RWT ages and is purified through natural processes. Settlement and the 
micro layer on the air/liquid interface are assumed to be two critical 
processes in RWT (Spinks et al., 2003).  
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A number of pollutants have been shown to adhere to Suspended Solids (SS) 
and Total Solids (TS). The principal law that governs the settling of particles 
is known as Stokes Law and specifies that the settling velocity is dependent 
on particle density and size (Davis and Cornwell, 2006; Shaw, 1970). Stoke’s 
Law assumes that the motion of the particle is constant (after the rate of fall 
has reached terminal velocity), the suspension is extremely dilute and the 
liquid medium is continuous with respect to the particles. It, therefore, can 
describe settling of particles in the RWT. 
 
Previous research has found that the water quality at the surface of the water 
in a RWT is significantly different from the water quality at the bottom of the 
RWT (Coombes, 2002). This difference has been attributed to stratification. 
Stratification occurs in lakes and wetlands (Dodds, 2002) and could occur in 
RWT, which results in chemical and physical gradients in the water column. 
In addition, a biofilm can form on the air/liquid interface and the 
solid/liquid interface (Hermansson and Dahlbäck, 1983; Hermansson, Jones 
and Kjelleberg, 1987; Marshall, 1980; Parker and Barson, 1970; Percival, 
Walker and Hunter, 2000; Sigee, 2005; Spinks et al., 2003). 
 
Stratification occurs in a body of water, due to warm water being less dense 
than cool water. The mixed layer of warm water is the epilimnion and floats 
on the cooler hypolimnion (Davis and Cornwell, 2006; Dodds, 2002). Over 
turning of the stratification will occur if the temperature of the total water 
body is 3.9oC (Dodds, 2002) , or when storms and wind mix the water. The 
mixing by wind is minimal in a RWT, but mixing by inflow could occur 
depending on the storm intensity and depth of water in the tank. Australia 
also has reasonably high temperatures. Cool temperatures resulting in RWT 
water cooling to 3.9oC are likely to only occur at high elevations or during 
extreme winters in Western Sydney, for example in the Blue Mountains.  
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The epilimnion promotes Brownian motion, due to the higher temperatures 
and is likely to be influenced by inflows causing turbulence. In addition, the 
movement between layers is mainly molecular diffusion, thereby creating 
chemical and physical gradients (Dodds, 2002). These result in higher 
chemical and biological activity, and higher concentrations in the upper 
layers of the water column in comparison to the lower layers. The higher 
concentrations and warmer temperatures in the epilimnion also support the 
growth of micro-organisms, and therefore biofilm growth on the air/liquid 
interface is likely to occur (Parker and Barson, 1970).  
 
The biofilm surface layer is between 0.1-10 µm, but significantly different in 
composition than the remainder of the water body (Characklis and Cooksey, 
1983; Sigee, 2005). Biofilms are defined as ‘microbial cells, attached to a 
substratum and immobilised in a three dimensional matrix of extra cellular 
polymers enabling the formation of an independent functioning ecosystem 
homeostatically regulated’ (Percival, Walker and Hunter, 2000, p. 61). These 
biofilms consist of 50% to 90% of Extracellular Polymeric Substances (EPS) 
and can provide a number of benefits, including (but not limited to) the 
absorption of nutrients, microbes and heavy metals, protection of 
temperature changes desiccation and mediation by protozoa (Ancion, Lear 
and Lewis, 2010; Bester et al., 2010; Characklis and Cooksey, 1983; Percival, 
Walker and Hunter, 2000; Sigee, 2005).  
 
The biofilms have a continuous growth cycle and have been shown to protect 
natural systems against pollution, but are very susceptible to the flow and 
turbulence of the liquid (Blanchard and Syzdek, 1970; Percival, Walker and 
Hunter, 2000). Biofilm formation was shown to be favoured during non-
optimal microbial growing conditions (Landini, 2009) and growth often start 
off as small micro-colonies (Walker et al., 1995) attached to the tank, pipe 
walls or sediments (Characklis et al., 2005; Characklis, 1990a). The biofilms 
can therefore form on the air/liquid and solid/liquid interfaces (Marshall, 
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1980), but the formation is also dependent on van der Waals, electrostatic 
and steric forces (Van Houdt and Michiels, 2010). 
 
It is expected that these biofilms exist on the air/liquid interface of the RWT, 
as well as the solid/liquid interface within the RWT, pipes and in bio-
retention systems (Blanchard and Syzdek, 1970; Characklis, 1990a, 1990b; 
Characklis and Marschall, 1990; Flemming, 1993; Hermansson and Dahlbäck, 
1983; Sawyer, Hayes and English, 2010; Spiers et al., 2003; Spinks et al., 2003). 
The velocity of flow within the RWT itself is slow, even when it is raining 
and when the tank is utilised. It is, therefore, expected that the detachment of 
biofilms and microbes is minimal inside the tank (Spinks et al., 2003). The 
biofilms formed on the air/liquid interface provide the bacteria access to 
oxygen from the atmosphere and nutrients from the liquid (Spiers et al., 
2003); however, when the tank is full, it is expected that the air/liquid 
interface biofilm is removed from the tank through the overflow and thereby 
increasing the pollutants in the overflow. This allows the water to age and 
therefore ensures a better water quality within the tank. This however, does 
not take into consideration the impact of this biofilm in discharges on the 
receiving waters. The air/liquid interface was tested in the pilot study (see 
Section 5.5) to determine if a difference was present in water samples from 
the bottom of tank and the overflow, thereby investigating if notable 
stratification occurs in the RWT. 
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3.4 Pollution Characteristics 
3.4.1 Introduction 
The pollutants in stormwater can be divided into four broad categories: 
biological, physical, inorganic and metallic pollutants. Biological indicators 
are organisms that are not pathogens, but their detection indicates potential 
presence of enteric pathogenic organisms. These organisms are used, because 
they can be found in a water body if it is contaminated with faecal matter. 
Physical pollutants are characteristics of water, such as temperature and can 
describe the overall quality of the water body. Changes in physical pollutants 
can increase reaction rates between materials or provide difficult living 
conditions for aquatic communities.  
 
A significant body of research has been conducted on the impacts of these 
pollutants in stormwater discharges on receiving waters and WSUD 
elements (e.g. Duncan, 1998; Duncan, 1999; Fletcher et al., 2004; Griffin, 
Randall and Grizzard, 1980; Hatt, Fletcher and Deletic, 2007; Mitchell, 1998; 
Mitchell et al., 2006; Pitt et al., 1995), including RWT (e.g. Coombes, Kuczera 
and Kalma, 2000c; Duncan, 1999; Evans, Coombes and Dunstan, 2006; 
Magyar et al., 2008; Mitchell et al., 2008; Schets et al., 2005; Simmons et al., 
2001; Spinks et al., 2003), but further research is needed to fully understand 
the pollution from roofs in RWT (Lye, 2009). This section will discuss various 
Australian and some international studies conducted on urban stormwater 
pollutants. 
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3.4.2 Biological Pollutants 
3.4.2.1 Microbiology 
The biological indicator tests used in stormwater or rainwater quality testing 
are the enumeration of Escherichia coli (E. coli), total coliforms (TC), 
thermotolerant coliforms (TTC), Enterococci spp. (or Faecal Streptococci) and 
Heterotrophic Plate Count (HPC) to identify potential contamination of 
water from sources likely to contain pathogenic organisms.  
 
The microbes can be washed into a RWT from faecal matter deposited on the 
roof by animals and atmospheric deposition. These sources together with soil 
microbes contribute to the micro-organisms in stormwater. The growth of 
these micro-organisms in urban run-off is often limited by the available 
carbon, nutrients, minerals, oxygen, organic substance, pH, temperature and 
pressure, with optimal growing conditions varying between microbes. The 
optimum growing conditions were previously found not to occur within the 
water of a RWT (Geldreich et al., 1968), thereby potentially minimising 
growth of microbes within the RWT. Stormwater can be contaminated by 
faecal matter, due to cross contamination from sewerage (Sydney Water, 
2002, 2007a) and additional faecal material from domestic animals 
(Hathaway and Hunt, 2011; McCarthy et al., 2008).  
 
Some indicator bacteria have also been shown to grow naturally in aquatic 
environments. As a result, E. coli  and Enterococcus sp.  are used to determine 
potential faecal contamination in natural waters. Furthermore, Enterococcus 
spp. is also unlikely to exist in pure water, virgin soils and environments that 
have no contact with any life form, providing an indication of faecal 
pollution, where E. coli occurs naturally (World Health Organisation, 2004). 
The AFWG (2000a, 2000b), therefore, specifies targets for both these indicator 
organisms. In addition, results of these indicator tests can indicate either 
short term (TTC) or long term faecal pollution (Enterococci spp.) (AFWG, 
2000a, 2000b) and therefore these test are conducted in this research. 
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3.4.2.2 Total and Faecal Coliforms 
The ADWG (2004) states that for all drinking water there should be no 
detectable E. coli (or TTC) colony forming unit (cfu) per 100 mL, whilst a 
sudden change in TC can indicate potential problems with microbial 
pollution of drinking water. Primary contact bodies are those waters that are 
used for contact activities such as swimming and the AFWG (2000a, 2000b) 
indicate that these water bodies should have less than 150 cfu 100 mL-1 faecal 
coliforms (or TTC) and 35 cfu 100 mL-1 Enterococci spp. Secondary water 
bodies are those waters that are being used for recreational use where it is 
unlikely the body is immersed in the water, such as boating and fishing 
(AFWG, 2000a, 2000b). For secondary contact water bodies, this limit is 1000 
faecal coliform (or TTC) cfu 100 mL-1 and 230 cfu 100 mL-1 Enterococci spp.  
 
The TC count from roof run-off varies from 400 – 542 (±42) cfu 100 mL-1 
(Coombes et al., 2006; Coombes, Kuczera and Kalma, 2000c; Duncan, 1999; 
Evans, Coombes and Dunstan, 2006; Fletcher et al., 2004; Mobbs, 1998). 
Coombes et al.(2006), Coombes, Kuczera and Kalma (2000c), Coombes et al. 
(1998) and Evans, Coombes and Dunstan (2006) conducted their studies at a 
single site, ‘Figtree Place’ in Newcastle, Australia, and are therefore expected 
to contain similar results. The TC counts in a detention tank were found to be 
834 cfu 100 mL-1 and faecal coliforms to be 119 cfu 100 mL-1 (Coombes, 
Kuczera and Kalma, 2000c). Roads have been found to have a mean of 20,000 
cfu 100 mL-1 for faecal coliforms (Fletcher et al., 2004). 
 
The testing conducted on RWT in Australia has focussed previously on faecal 
coliform (or TTC). The standards, ADWG (2004) and RWG (2009) now all 
require the investigation of E. coli enumeration. McCarthy et al. (2006) 
recently conducted testing on uncertainty of E. coli levels in stormwater and 
found that the EMC was between 50 and 34770 Most Probably Number 
M.F.E. van der Sterren   
59 
(MPN)1 100 mL-1 varying with land use with an uncertainty of 20% 
(McCarthy et al., 2008). The roof in the study was found to have the lowest 
EMC at 50 MPN 100 mL-1 (McCarthy et al., 2006). Work is continuing by 
McCarthy et al. (2008) to develop a model for simulating E. coli 
concentrations in stormwater. It should be noted that values found by 
Coombes, Kuczera and Kalma (2000c) are for an underground RWT, that was 
actually more like a detention tank (Coombes, Kuczera and Kalma, 2000c). 
Duncan (1999) analysed results from a larger dataset from studies conducted 
all over the world and indicated that if other surfaces are draining to the 
collection point (such as a stormwater outlet) the TC counts and faecal 
coliforms counts could be as high as 25,000 cfu 100 mL-1 or 95,000 cfu 100 mL-
1 (Duncan, 1999; Fletcher et al., 2004). 
 
Enterococci spp. enumeration was measured in this study. Enterococci spp. 
testing has not often been conducted in Australia,  but it may be a better 
indicator of faecal pollution in water than E. coli enumeration (Jin et al., 
2004), because of its longer survival rate that E. coli. Of the limited testing 
undertaken by others,  Enterococci spp. counts in RWT have been shown to 
have a mean of 15 cfu 100 mL-1 with a range between less than 1 and 4900 cfu 
100 mL-1 (Simmons et al., 2001).  
 
Duncan (1999) analysed faecal streptococci results, which is a subgroup of 
Enterococcus sp., and found that the mean value for roof run-off detected 
faecal streptococci was 54 (±12) cfu 100 mL-1. Roads were found to contain 
7,100 (±4.1) cfu 100 mL-1 faecal streptococci in the run-off; therefore, 
Enterococcus sp. results can vary significantly from 1 to 5000 cfu 100 mL-1. 
                                                   
1 MPN 100mL-1 represent a statistical estimate of the most probable number of indicator 
organisms in a 100mL water sample, whilst cfu 100 mL-1 represents the coliform forming 
units counted on the growing media in a 100mL water sample. 
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3.4.2.3 Heterotrophic Plate Counts 
The HPC is particularly useful in measuring changes in water quality. These 
counts indicate all micro-organisms capable of growing on yeast-extract agar 
and are used to examine trends. Sudden increases in HPC can be an early 
warning sign of deteriorating water quality (Standards Australia, 2007b). 
HPC are often used as a general indicator and measure heterotrophs, which 
metabolise organic substances (Tortora, Funke and Case, 1989).  
 
Roof run-off has a mean HPC of 1362 (±194) cfu mL-1. There is no correlation 
between HPC, coliforms and pseudomonas enumeration (Evans, Coombes 
and Dunstan, 2006). Albrechtsen (2002) found in a RWT a HPC between 380 
and 2.3 x 106 cfu mL-1 at 21oC and between 13 and 11,000 cfu mL-1 at 37oC. 
The results indicate that the HPC counts from tank water can give an overall 
indication of the water quality of the RWT. 
3.4.3 Physical Pollutants 
3.4.3.1 Acidity & Alkalinity 
The acidity of water bodies can be increased by atmospheric deposition (acid 
rain), spilling of acidic or alkaline materials, organic materials and 
decomposition wash-off, erosion of roofing materials and the mobilisation of 
acid sulphate soils (AFWG, 2000a, 2000b). Spillage and mobilisation of acid 
sulphate soils can be easily contained by bunding, spill removal plans and 
erosion sediment control systems, but atmospheric deposition, erosion of 
materials and decomposition of organic materials are harder to control on a 
catchment wide basis. These three contaminants can directly influence the 
water quality of the RWT as well as the stormwater run-off in an urban 
catchment.  
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It was expected that in a RWT, a change in the pH may occur after a storm 
event as the concentrations for inorganics and ionisable organics may 
increase in the tank. Furthermore, acid rain, though rare in Australia, could 
flow into the tank as well and may influence other chemical processes within 
the tank (Bridgman, 1989, 1992; Bridgman et al., 1988; Manahan, 1975). 
 
Previous research has been conducted on the pH of rain and RWT. Coombes, 
Kuczera and Kalma (2000c) found that the pH for rainwater was below the  
ADWG (2004) and the AFWG (2000a, 2000b). They found an average value of 
5.65, and for RWT, 6.19. The RWT in their study, however, lets in some of the 
driveway water and was constructed out of concrete, which could be the 
reason for the increase in the pH of the water in the tank (Coombes, Kuczera 
and Kalma, 2000c). Duncan (1999) indicated that the pH values for roof run-
off from around the world is 5.7 ± 1.1, low urban 6.7 ± 0.4 and roads at 6.9 ± 
0.7. Thomas and Greene (1993) found that pH ranged from 6.8 to 7.0 with a 
galvanised iron roof and from 7.2 to 8.1 with the concrete roof, which is 
consistent with other studies (Mendez et al., 2011) and within the 6.5 to 8.5 
range for the ADWG (2004) and the 6.5 to 9.0 range for the AFWG (2000a, 
2000b). 
 
Pavement run-off tested by Herngren, Goonetilleke and Ayoko (2005) found 
a pH of 6.7 to 7.3, whilst the rainfall was measured at 6.4 pH, but Bridgman 
(1989) found the pH of rain in Sydney to be 4.4. This range of pH has 
dramatic effects on the speciation of metals analysed (Pitt et al., 1995). It has 
also been shown that concrete can significantly affect the pH (Mendez et al., 
2011; Thomas and Greene, 1993) and has a positive effect on removing heavy 
metals (Hamdan, 2009). All the research indicates that the roof water pH is 
expected to be as low as 5.6, but can increase as high as 8.1, if the subject site 
contains concrete.  
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3.4.3.2 Colour 
Colour is an indicator for the gross pollution in a water body and colour is of 
concern for drinking water quality. It can also affect light penetration in 
water bodies, because coloured water limits photosynthesis in open waters 
(AFWG, 2000a, 2000b; ADWG, 2004). 
 
The ADWG (2004) indicate the colour of drinking water should not exceed 15 
Hu for aesthetic reasons. The colour of surface water should not be more 
than 15 Hu; however, it has been suggested that turbidity is a better indicator 
than colour for a fresh water system (AFWG, 2000a, 2000b). 
3.4.3.3 Temperature 
Temperature has a direct impact on the ecology of fresh water bodies (Walsh 
et al., 2004), as well as the growth of biota and the rates of re-aeration for 
dissolved oxygen (Adams and Papa, 2000) and chemical reactions (Janke et 
al., 2009; Moeller et al., 1984). Roof water and stormwater are expected to 
have higher temperatures than receiving waters as the impervious surfaces 
absorb the heat of the sun and transfer this into the falling rain and run-off 
(Barnes, Morgan and Roberge, 2000-2001; Berdhal et al., 2008; Janke et al., 
2009). In addition, RWT can be located in direct sunlight, which could also 
affect the temperature in the tank. 
 
There are no guidelines in regards to temperature in the ADWG (2004), but it 
is suggested to keep drinking water below 20oC to avoid complaints to the 
supplier by the user (ADWG, 2004). The AFWG (2000a, 2000b) indicates that 
the temperature should not change significantly within receiving waters as a 
result of urban discharges and that at no stage should the discharge from 
urban areas into a stream exceed the 80th percentile or be below the 20th 
percentile of the temperature of the stream. The temperature limits for the 
discharge therefore changes significantly with location. 
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The temperatures of urban discharges, RWT and OSD, have often not been 
monitored in research and no indicative results have been found in the 
literature for rainwater or RWT. Berdhal et al. (2008) found that a change in 
the temperature of the roof between 34oC and 50oC can cause an increase in 
degradation of roofing materials. Therefore, an increase in air temperature 
and/or solar exposure on the roof surface may significantly affect both the 
pollution in and temperature of roof run-off (Herb et al., 2008), as well as the 
concentration level of microbes (Richardson et al., 2009). 
 
Water has the second highest heat capacity of any solid or liquid (Manahan, 
1975) and therefore a large amount of heat is required to change the 
temperature of a mass of water (Manahan, 1975). It can be said that any 
changes in water temperature will be gradual and result in gradual changes 
in parameters such as pH, conductivity and DO.  
3.4.3.4 Solids 
Solids, both suspended and dissolved, are particulates in water and affect 
water quality (Franson, 2005). The solids can reduce light penetration, affect 
aquatic life forms, increase turbidity and absorb toxins (Dennison, 1996). 
There are different measurements of solids. These are: TS, Total Suspended 
Solids (TSS), Total Dissolved Solids (TDS) and Settleable Solids (Franson, 
2005). The settleable solids often settle effectively in the receiving water 
body, whilst the TSS can cause a significant amount of harm to aquatic life. In 
addition, inorganics, especially heavy metals, often adhere to TDS and TSS 
due to the effectively larger surface areas (Ball, 2000).  
 
According to Wong (2006a) and the AFWG (2000a, 2000b), TSS needs to be 
controlled in stormwater. A significant amount of previous research has 
examined the TDS and TSS in roof run-off, RWT and stormwater run-off. 
Table 3-2 shows that the results for TDS in roof and run-off can be expected 
to be below the standard of 500 mg L-1 (ADWG, 2004) and the TSS can be 
expected to be below the standard of 50 mg L-1 (AFWG, 2000a, 2000b) for 
M.F.E. van der Sterren   
64 
roof run-off, but is unlikely to be low for urban catchment run-off. 
Miguntanna (2009) examined the build–up of TS on road and roof 
catchments and found a TS loading of 960 to 2600 mg m-2 loading on roads 
and a 180-190 mg m-2 loading on roofs.  
 
Table 3-2 Previous values for solids in urban run-off 
Type of 
Test 
Location 
Mean  
(mg L-1) 
Standard  
Deviation 
(mg L-1) 
Source / Reference 
TSS Urban 3 - 
(Thomas and Greene, 
1993) 
TSS Roof 8.4 - 
(Coombes, Kuczera and 
Kalma, 2000c) 
TSS 
Detention 
Tank 
1.37 - 
TDS Roof 21 - 
TDS 
Detention 
Tank 
98.23 - 
    
TDS Road 
60.0-
95.0 
.32 (Herngren, Goonetilleke 
and Ayoko, 2005) 
TSS Road 0.5-76.3 14.8 
TSS Roof 35 2.4 
(Duncan, 1999) 
TSS 
Low urban 
roads 
69 4.6 
TSS 
Urban 
Catchment 
83.6 129.8 (Abustan, 1997) 
TSS 
Urban 
Catchment 
155.4 - 
(Camp Scott Furphy Pty 
Ltd, 1991) 
TSS 
Urban 
Catchment 
26/93 ±23/±34 (Parker, 2010) 
 
TSS and TDS from impervious surfaces are dependent on built-up and wash-
off characteristics (Adams and Papa, 2000). The build-up equation in XP-
SWMM is given by Equation 3-2 (page 52). Table 3-3 indicates possible limits 
and exponents that could be used for modelling the TS in XP-SWMM. The 
wash-off can be estimated in XP-SWMM using Equation 3-1 (page 51). The 
proposed wash-off coefficients and exponents are shown in Table 3-4. The 
research from Miguntanna (2009) and Abustan (1997) was used as a starting 
point for the modelling of TSS in this project (see Chapter 5). 
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Table 3-3 Build-up for solids on different surfaces 
Component 
Build-up limit (a) 
(kg km-1 of gutter (1) 
or mg m-2 (2)) 
Build-up 
exponent (b) 
Source / Reference 
TS roof 430 (2) 0.266 
(Egodawatta, Thomas 
and Goonetilleke, 2009) 
TSS road 1650-2900 (2) 0.16 
(Egodawatta and 
Goonetilleke, 2008) 
TS urban 162.8 (1) 0.09 (White, 1989b) 
TS roof 180 – 190 (2) - 
(Miguntanna, 2009) TS road 961.5– 2595.2 (2) - 
   
SS 13( 1) 0.30 
(Abustan, 1997) 
TS 
 (<200 µm) 
2.5 (1) 0.35 
   
TS 
residential 
2250 (2) - 
(Miguntanna et al., 
2010) 
TS 
industrial 
3440 (2)  - 
TS 
commercial 
4060 (2) - 
TS 750 (2) -0.035 (Roberts, 1990) 
TS 32 (2) 1 (Huston et al., 2009) 
 
Table 3-4 Wash-off for TS, TDS and TSS from different surfaces 
Component 
Wash-off 
Coefficient (P0) 
(mg m2) 
Wash-off 
Exponent (k) 
Source / Reference 
TS 170-8200 0.04-0.60 (Abustan, 1997) 
TS caryard 322 - 955 0.16-0.67 
(Berretta et al., 2007) 
TS urban 160 - 2210 0.33-2.05 
TS - -0.0785 (Roberts, 1990) 
TSS roof 220 0.33 
(Brodie, 2006; Brodie, 
2007) 
TSS road 4500 0.125 
TSS  
car park 
2500 0.22 
TSS roof - 0.0093 
(Egodawatta, Thomas and 
Goonetilleke, 2009) 
TSS road - 0.0008 
(Egodawatta and 
Goonetilleke, 2008) 
TSS road 110 – 500 0.06 - 0.12 
(Miguntanna, 2009) 
TDS road 800 – 2000 0.02 – 0.6 
TSS roof 91.02 – 137 0.34 – 2.42 
TDS roof 190 - 500 0.12-1.41 
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Models can be calibrated using the water quality results for TSS, TDS and TS 
from study sites. It should be noted that the large variation of values in Table 
3-2 are due to the rainfall intensities that were used for creating the wash-off 
from the roof area. This relationship is confirmed by Vaze and Chiew (2002), 
who indicated that for small rain events, it is mainly the weakly absorbed 
particles that become dispersed in the rainwater and this is also supported by 
Egodawatta, Thomas and Goonetilleke (2009) and Miguntanna (2009).  
3.4.3.5 Turbidity 
Turbidity is often related to the amount of suspended solids present in the 
water sample (Chapman, 1992; Solo-Gabriele and Perkins, 1997). Miguntanna 
(2009) found that the turbidity can be utilised as a surrogate parameter for 
TSS and as a surrogate parameter for TS for roof surfaces. Kayhanian et al. 
(2007) also found a positive correlation between TSS and turbidity in 
California, but warns that surrogate equations may need to be developed for 
site specific conditions. Settle, Goonetilleke and Ayoko (2007) developed 
surrogate equations for two Australian sites and found similar relationships 
as Kayhanian et al. (2007) and Miguntanna (2009), whilst a study in Brazil 
found an exponential relationship (Minella et al., 2008). 
 
Miguntanna (2009) found that the turbidity of the road run-off ranged 
between 2.6 to 94 Nephelometric Turbidity Units (NTU) and for roof run-off 
ranged from 0.2 to 11.5 NTU, whilst the RWT in Seoul had a turbidity of 1.02 
to 11.2 NTU and the rainfall had a turbidity of 11 to 207 NTU (Han and Mun, 
2008). Han and Mun (2008) showed that settling was apparent in the tank, as 
retention time increased, more solids were settled and turbidity decreased. 
The difference in values of turbidity from Miguntanna (2009) and others is 
most likely due to the testing methods. Miguntanna (2009) used deionised 
water as rainfall and therefore the results do not show the influence of any 
atmospheric scrubbing. This indicates that the RWT water can exceed the 
ADWG (2004) of less than 5 NTU and urban run-off can exceed the AFWG 
(2000a, 2000b) maximum of 50 NTU. 
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3.4.3.6 Conductivity 
Conductivity is of great concern in humid and salty climates (Berdhal et al., 
2008), as large concentrations of dissolved salt can be expected in the run-off. 
Herngren,  Goonetilleke and Ayoko (2005) found that the conductivity of 
rain in Brisbane was equal to 51.71 µS cm-1. Camp Scott Furphy (1991) 
indicated that the conductivity of urban run-off ranges between 15 to 297 µS 
cm-1, with an average value of 79 µS cm-1.  
 
Thomas and Greene (1993) found conductivity levels in run-off from concrete 
roofs to be higher than other roofing materials and urban roofs to have an 
average reading of 30 µS cm-1 in Armidale, Australia which is similar to the 
conductivity of rainwater in the United States of America (USA) (Mendez et 
al., 2011). Herngren, Goonetilleke and Ayoko (2005) also found the range in 
conductivity for road run-off to be 51.71 µS cm-1 to 130 µS cm-1 (± 10 µS cm-1). 
Conductivity results can be converted to TDS by Equation 3-3 (Franson, 
2005). 
 
       Equation 3-3 
 
where TDS is the total dissolved solids (mg L-1),  is a factor between 0.55 
and 0.75 and G is the conductivity ( cm-1) (Chapman, 1992). High factors 
(0.67) should be used for salty waters and higher even for water with high 
concentrations of sulphate (0.75), whilst low factors (0.55) are to be used 
where there is free acid present (Chapman, 1992). Kayhanian et al. (2007) 
indicated that the best surrogate parameter for TDS is conductivity, but 
indicated that calibration is required. The ADWG (2004) do not have a 
maximum value for conductivity, but indicate (as shown above in Section 0) 
that the TDS should be below 500 mg L-1, which would be equivalent to 
approximately 600 to 900 µS cm-1 depending on factor . The AFWG (2000a, 
2000b) suggest a trigger value of 300 S cm-1.  
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3.4.4 Inorganic Pollutants 
3.4.4.1 Dissolved Oxygen 
DO is the amount of oxygen available in water for organisms and chemical 
reactions. A significant depletion of DO can lead to anaerobic conditions and 
a prevalence of anaerobic micro-organisms (Davis and Cornwell, 2006; 
Franson, 2005). DO is considered to be a main indicator for water quality as it 
influences a large number of reactions and biological processes. The ADWG 
(2004) recommends a DO saturation of at least 85%, whilst the AFWG (2000a, 
2000b) recommends values between 60 and 120%. The AFWG (2000a, 2000b), 
however, also suggests using the medium DO of the water body during low 
flow conditions as a guideline. Limited research has been reported on DO 
studies on either RWT or OSD. Ross-Rakesh, Finlayson and Gippel (1998) 
investigated the impact of urban detention ponds on DO and found a 
decreased DO concentration downstream of the artificial storage. 
 
DO in a water body can only be replenished by photosynthesis or by 
interaction with the atmosphere. Photosynthesis is very unlikely to occur in a 
RWT as the tanks are designed to minimise light penetration to reduce the 
growth of algae. This indicates that the only input of oxygen in the tank is 
through interaction with the atmosphere. 
3.4.4.2 Total Nitrogen 
There are a number of different analytical methods for measuring the 
concentrations of nitrogen available within an ecosystem. TN is ammonia, 
organic nitrogen, nitrite and nitrate, whilst Total Kjeldahl Nitrogen (TKN) is 
organic nitrogen plus ammonia (Chapman, 1992; Duncan, 1999). Nitrogen is 
converted among these forms by micro-organisms.  
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The TN water quality standard for stormwater is specified in some council
DCPs, such as a reduction of 45% or 60% of uncontrolled post-development
pollution loading (Parramatta City Council, 2005). The ADWG (2004)
requires that the nitrate should be less than 50 mg L-1, nitrite less than 3 mg
L-1 and ammonia less than 0.5 mg L-1. The AFWG (2000a, 2000b) recommends
a trigger value for low land rivers as 600 g L-1. In addition, the RWG (2009)
suggests that nitrate concentrations in irrigation water should be less than
30mg L-1 to protect crops.
Many previous research studies have measured TN, but these studies often
measured nitrite, nitrate and ammonia separately and did not take into
consideration the effect of organic nitrogen. From Table 3-5, it can be seen
that the results vary significantly and that often TN is not actually measured.
In the case of Thomas and Greene (1993) only nitrates were measured. The
expected concentrations for nitrite and nitrate are around 0.5 mg L-1 and for
TN, 3.5 mg L-1. The nitrogen pollution is often attributed to leachate from leaf
litter pollutants, but Allison, Chiew and McMahon (1998) found that the
nutrient loads in stormwater are two orders of magnitude larger than the
nutrient contribution attributed to leaf litter in stormwater. This is supported
by research conducted in Texas, where it was found that the TN loading in
stormwater results were from high TN in rainfall (Irish et al., 1998).
Some TN may come from suspension of particles. The TN in wash-off was
shown to be dependent on antecedent conditions (Vaze and Chiew, 2002)
(Irish et al., 1998) and that higher results of TN can be expected during home
building and finishing stages (Line and White, 2007). The latter was probably
due to an increase use of fertiliser to establish the vegetation during
landscaping.
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Table 3-5 Previous research results for nitrogen in urban run-off 
Type of test Location 
Mean 
(mg L-1) 
Standard 
Deviation 
(mg L-1) 
Source / References 
Nitrite Roof 0.4 - 
(Coombes, Kuczera 
and Kalma, 2000c) 
Nitrite 
Detention 
Tank 
0.57 - 
Nitrate Roof 0.15 - 
Nitrate 
Detention 
Tank 
0.06 - 
Ammonia Roof 0.295 - 
Ammonia 
Detention 
Tank 
0.10 - 
Total 
Nitrogen 
Road 2.1 2.0 
(Duncan, 1999) 
Total 
Nitrogen 
High Urban 2.6 1.9 
Nitrate Roof 2.24 1.56 
(Evans, Coombes and 
Dunstan, 2006) 
Nitrates Roof 0.21  
(Thomas and Greene, 
1993) 
TN Urban 1.10-1.33 - (Parker, 2010) 
3.4.4.3 Total Phosphorus 
Phosphorus is considered a limiting nutrient in fresh water bodies and can 
increase aquatic plant and algae growth significantly. It is recommended in 
the stormwater management guidelines that TP is monitored and controlled 
(AFWG, 2000c). TP can be found in different forms (Argue, 2004) and 
phosphorus often forms a complex with hydrogen, but this is dependent on 
the pH of the water sample (Manahan, 1975). 
 
There are no drinking water guidelines for TP, but the AFWG (2000a, 2000b) 
and the RWG (2009) suggest that the trigger values for lowland rivers should 
be 50 g L-1 (0.05 mg L-1). On the other hand, most councils require 
developments to control their TP to 45% or 60% of the annual total loading 
(e.g. Parramatta City Council, 2005). This indicates that the control of TP is an 
important facet of stormwater management. 
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Duncan (1999) showed that the TP concentration for roof run-off could be 
0.13 mg L-1 (± 1.95 mg L-1), for roads 0.26 mg L-1 (± 2.8 mg L-1) and for 
residential areas 0.40 mg L-1 (± 2.2 mg L-1). Abustan (1997) found that TP was 
in the range of 0.078 to 1.87 mg L-1 for Centennial Park in Sydney. 
Miguntanna (2009) showed, however, that TP build–up on a road surface can 
be between 1.82 to 7.80 mg m-2 causing average wash-off from the road 
surface to be 0.28 to 0.56 mg L-1. The roof build-up and wash-off was also 
investigated in the study and it was found that the build-up on the roof area 
for TP can be 9.16-41.03 mg m-2 causing an average concentration in the 
wash-off of 1.85 mg L-1. Miguntanna (2009, p. 147) identified in a detailed 
water quality study of catchment surfaces that run-off from road and roof 
surface ‘are significantly different’. This is supported by Parker (2010), who 
found TP concentrations from road surfaces to be higher and recorded TP in 
flows of 0.092 mg L-1 to 0.141 mg L-1. This indicates that the TP 
concentrations from urban areas, roofs and roads have to be modelled 
separately to determine the impact on stormwater.  
 
Miguntanna (2009) stated that the surrogate equations are specific to the 
Queensland study area and is therefore not directly applicable to Western 
Sydney. Abustan (1997) found that between 65% to 83% of TP was attached 
to the fine particles and therefore used TS in modelling TP in the wash-off 
from the Centennial Park catchment in Sydney. The Particulate Phosphorus 
(PP) was modelled directly and this resulted in significant modelling errors. 
The relationship Abustan (1997) used was based on three sections within the 
hydrograph regime and depended on the SSA of the SS.  
 
Abustan (1997) also trialled Equation 3-1 with a equal to 421.4 kg kmgut-1 and 
b equal to 0.457 and for wash-off modelling Abustan (1997) used Po between 
0.62 to 4.98 and k between 0.17 and 0.71, but found large modelling errors. It 
should be noted that TP was analysed in this project, because TP is one of the 
limiting nutrients in the Australian environment.  
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3.4.4.4 Sulphur 
The toxicity of sulphate is the reason that the stormwater management 
handbook considers it an important stressor for stormwater (AFWG, 2000c) 
and the sulphate concentrations should be controlled for release into the 
environment. As the study area is located near an airbase (see Chapter 5), 
sulphate from airplane fuels is considered of particular concern (Bridgman, 
1992). 
 
Previous research in Australia, conducted by Evans, Coombes and Dunstan 
(2006) found that the average sulphate concentration was 7.59 mg L-1 with a 
standard deviation of 4.7 mg L-1. Bridgman (1989) indicated that the SO42- 
was one of the major contributors to acid rain in Australia. In Poland, 
sulphates were determined between 1.04 and 1.33 mg L-1 (Tsakovski et al., 
2010) which is significantly less than Evans, Coombes and Dunstan (2006) 
and well below the ADWG (2004) (<250 mg L-1) and the AFWG (2000a, 
2000b) (< 400 mg L-1). This indicates that sulphates can vary and as research 
is limited on sulphate contamination, and although it is likely to be low, this 
element was tested in this research project. 
3.4.5 Metallic Pollutants 
3.4.5.1 Introduction 
The majority of heavy metals can be bio-accumulated and can be extremely 
toxic to all fauna (AFWG, 2000b, 2000c). Metals, ions and complexes are of 
great concern to any ecosystem. The metals discussed in this section are salts 
of aluminium, cadmium, copper, lead and zinc and they can be in solution, 
colloidal or suspended forms (Chapman, 1992). In addition, in this section 
the hardness of water is discussed. 
 
Metal ions in aqueous solution can be transformed through acid-base 
reactions, precipitation, complexation and oxidation-reduction. Metallic 
surfaces, such as metal roofs, are degraded at a greater rate in humid 
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climates and salty air and may increase the metal concentrations in RWT 
(Berdhal et al., 2008; Hamdan, 2009). High humidity and salty air are 
common on the coastline of Australia, which would indicate high heavy 
metal concentrations in roof run-off from degradation in those areas. Heavy 
metals have been shown to adhere to particles smaller than 100 µm in 
diameter (Andral et al., 1999). Pollutant abatement programs, however, are 
currently not successful in removing heavy metals from stormwater 
(Herngren, Goonetilleke and Ayoko, 2005), because the smaller particles that 
absorb metals are often not removed. Heavy metals are therefore considered 
critical pollutants for stormwater management. 
3.4.5.2 Aluminium 
Aluminium is an important water quality indicator and its toxicity increases 
with temperature and acidic or alkaline conditions. In addition, the reaction 
of the human body to aluminium is ‘poorly understood’ and it is still 
debated in regards to a potential link to Alzheimer’s disease (AFWG, 2000a, 
2000b; Bondy, 2010; Gourier-Fréry and Fréry, 2004; Kawahara and Kato-
Negishi, 2011; ADWG, 2004; Sorenson et al., 1974). 
 
Testing for the concentrations of aluminium has been conducted on different 
surfaces throughout Australia. Herngren, Goonetilleke and Ayoko (2005) 
found that residential streets have between <0.001 to 0.6 ± 0.2 mg L-1 of 
aluminium in the wash-off. Magyar et al. (2007; , 2008) found high 
concentrations of aluminium on roofs in Melbourne, where as Sorenson et al. 
(1974) showed that aluminium concentrations in rainfall in North America 
ranged for ≤0.10 to 1.12 mg L-1. This indicates that RWT water quality can 
exceed the ADWG (2004) limit of 0.1 mg L-1 and that the urban run-off can 
exceed the AFWG (2000a, 2000b) limits of 55 g L-1 (pH >6.5) and 0.8 g L-1 
(pH<6.5).  In addition, the aluminium concentrations are also required to be 
controlled for all urban runoff according to the stormwater guidelines 
(AFWG, 2000c).  
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3.4.5.3 Cadmium 
Cadmium is another metal that is toxic to all fauna and bio-accumulates and 
can increase in toxicity when hardness or the chloride content of the water 
body increases (AFWG, 2000a, 2000b). Cadmium may be located in the 
settled solids in the bottom of the RWT as it tends to absorb well to particles 
containing organic materials (Alloway, 1990; AFWG, 2000a, 2000b).  
 
 Cadmium concentrations can be elevated due to poor air quality (Spinks et 
al., 2003) and be deposited on roofs (Föster, 1999), which is directly related to 
industrial emissions and traffic. Duncan (1999) found that cadmium in run-
off from roofs has a concentration of 0.47 g L-1 (± 2.9 g L-1), from roads 2.9 
g L-1 (± 2.8 g L-1) and from urban, industrial and commercial areas a 
concentration of 2.8 g L-1 (± 3.5 g L-1). Due to an increase in urbanisation 
and traffic in the western suburbs, this metal could be a significant pollutant 
of water quality in the area. Coombes, Kuczera and Kalma (2000c) found 
cadmium concentrations in roof run-off and in the OSD as high as 2 g L-1. 
Herngren, Goonetilleke and Ayoko (2005) found in road run-off cadmium 
concentrations in the range of 0.001 to 0.3 mg L-1.  
 
Cadmium is tested, because the concentrations in previous research were 
found to be greater than the recommended limit of 0.002 mg L-1 (2 g L-1) in 
water supplies (ADWG, 2004), greater than the trigger value of 0.2 g L-1 for 
water bodies (AFWG, 2000b, 2000b), and can potentially exceed the trigger 
value of 0.2 mg L-1 for irrigation purposes (RWG, 2009). 
3.4.5.4 Hardness (Calcium and Magnesium) 
The hardness of water has a direct impact on cadmium toxicity, lathering of 
soap and can cause scaling on hot water systems. Hardness is expressed in 
mg L-1 of calcium carbonate and the ADWG (2004) has different ratings for 
different levels of hardness, which are shown in Table 3-6.  
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Table 3-6 Hardness water type and CaCO3 concentration (ADWG 2004) 
Water Type Concentration (mg L-1 CaCO3) 
Soft (corrosive) <60 
Good quality 60-200 
Scaling problems 200-500 
Severe scaling >500 
 
Bridgman (1992) found calcium and magnesium in roof run-off in the Hunter 
Valley, Australia. The concentrations were 0.14 mg L-1 Ca2+ (± 0.10 mg L-1) 
and 0.02 mg L-1 Mg2+ (± 0.03 mg L-1), which results in a hardness below the 
500 mg L-1 recommended by the AFWG (2000a, 2000b) and the 200 mg L-1 
recommended by the ADWG (2004). The hardness equivalent can be 
calculated from these results using Equation 3-4 (Franson, 2005). 
 
         
  
                 
              Equation 3-4 
 
where [Ca2+] is the concentration of calcium in mg L-1 and [Mg2+] the 
concentration of magnesium in mg L-1. When the equation is applied to the 
results from Bridgman (1992), a hardness of 82.7 mg L-1 CaCO3 is computed 
for the water from the roofs, which is below the ADWG (2004).  
 
The Hunter Valley is located 200km North of the Western Sydney Region 
and therefore can be considered relatively close on a world scale. Although 
the results from the Hunter Valley can be skewed due to coal mining, steel 
works and other industry, Western Sydney could potentially have some 
calcium and magnesium concentration in the RWT similar to the results of 
the Hunter Valley (Bridgman, 1992). Concrete tiled roofs are expected to 
have higher concentrations of calcium and hardness as tiles that are not 
completely sealed can have run-off seep through and extract calcium 
hydroxide (Berdhal et al., 2008). It is speculated that this could also occur in 
concrete tanks (Tsakovski et al., 2010). 
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3.4.5.5 Copper 
Copper is essential for aquatic organisms, but the concentration for optimum 
growth are similar to toxic concentrations. Copper toxicity is influenced by 
hardness and suspended solids, and can readily sorbs to materials. This 
sorption decreases when the water body becomes more acidic (AFWG, 2000a, 
2000b), but is essential for human health (ADWG, 2004). In addition, copper 
readily adheres to solids and is often highly variable within a storm event 
(Alloway, 1990; Camponelli et al., 2010).  
 
Föster (1999) found high concentrations of copper in roof run-off in 
Germany, especially from roof materials that have copper as an additional or 
main material. Nicholson et al. (2010) showed in the USA that treated wood 
had significantly higher concentrations of copper than galvanised steel. 
Herngren, Goonetilleke and Ayoko (2005) found between < 0.4 (±0.08) mg L-1 
of copper in residential road run-off and Duncan (1999) found 0.024 mg L-1  
(± 3.6 mg L-1) on roofs and 0.081 mg L-1 (± 0.44 mg L-1) on roads. Simmons 
(2001) found in New Zealand an average of 0.06 mg L-1 on roofs. It is, 
therefore, clear that roof run-off can exceed the 2 mg L-1 ADWG (2004) and 
that the road run-off has significantly high concentrations of copper, 
potentially exceeding the AFWG (2000a, 2000b) of 1.4 g L-1.  
3.4.5.6 Lead 
Lead flashing is used on roofs around Australia, especially in saddle points 
of roofs and has been shown to contribute to the lead concentrations in RWT. 
It was suggested that ‘lead flashing should not be used on those parts of a 
roof used as rainwater catchment area’ (Cunliffe, 1998, p. 12). Lead is 
extremely toxic to aquatic life and humans, and can affect the central nervous 
system, cause kidney damage, reduce calcium uptake for bone formation, 
reduce the production of red blood cells and is carcinogenic (ADWG, 2004). 
This causes great concern for both the quality of water in RWT, as well as 
stormwater. 
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Spinks et al. (2003) found that lead can also be deposited onto roofs by traffic 
emissions and industry. Duncan (1999) found lead concentrations for roofs of 
0.021 mg L-1 (± 5.0 mg L-1), for roads 0.22 mg L-1 (± 3.5 mg L-1) and for urban 
areas of 0.14 mg L-1 (± 3.6 mg L-1), which are all significantly above the 
ADWG (2004). On the other hand, Coombes, Kuczera and Kalma (2000c) 
found lead concentrations less than 0.01 mg L-1 in both roof run-off and the 
detention tanks in Newcastle.  
 
Magyar et al. (2007) determined the heavy metal concentrations from run-off 
of different roof types and found that the tiled roof gave a lead concentration 
of 0.04 mg L-1, whilst a pre-painted steel roof with lead flashing gave the 
highest concentration of lead in the RWT at 50% greater than the guidelines. 
They also showed after further research that a 55% aluminium–zinc coated 
roof with lead flashing gave a lead concentration of 0.42 mg L-1 (Magyar et 
al., 2008). It was concluded by Magyar et al. (2008), O’Connor et al. (2009) 
and Huston et al. (2009), that the lead flashing contributed significantly to the 
concentrations of lead in the tanks. It is therefore likely that lead levels will 
be exceeded in roof run-off . As lead bio-accumulates and adheres to 
particles (Alloway, 1990; Herngren, Goonetilleke and Ayoko, 2005; Huston et 
al., 2009; Magyar et al., 2008; Roger et al., 1998), it is considered a critical 
pollutant in RWT (Tsakovski et al., 2010). Furthermore, the lead concentrations 
in roof water are likely to exceed the 0.01 mg L-1 ADWG (2004) and urban run-
off is likely to exceed the 3.4 g L-1  AFWG (2000a, 2000b). Therefore, lead is 
tested for in this study. 
3.4.5.7 Zinc 
Zinc is also an essential trace element for humans and aquatic organisms, but 
is only required in low concentrations. The toxicity of zinc is dependent on 
hardness, organic matter and the acidity of the water supply (AFWG, 2000a, 
2000b). In humans high concentration of zinc can cause nausea and vomiting 
and is of particular concern when water is used for drinking from galvanised 
RWT or zinc coated roof materials (ADWG, 2004). 
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Duncan (1999) analysed zinc concentrations of roof run-off from various 
countries. The concentrations for zinc roofs were 3.7 mg L-1 (± 5.0  mg L-1) 
and for non-zinc roofs were 0.16 mg L-1 (± 0.26 mg L-1). In addition, this same 
research indicates that run-off from residential areas can have zinc 
concentration of 0.26 mg L-1 (± 3.54 mg L-1). In addition, Herngren, 
Goonetilleke and Ayoko (2005) found zinc concentrations in urban road run-
off to be between <0.001 to 3.6 mg L-1  (± 0.7  mg L-1). 
 
The high zinc concentrations in roof run-off can be the result of galvanised 
drainage components (Föster, 1998; Nicholson et al., 2010). Thomas and 
Greene (1993) also found elevated levels of zinc (0.8 mg L-1 to 5.7 mg L-1) as a 
result of galvanised iron roofs, which is supported by Nicholson et al. (2010) 
in the USA. Simmons et al. (2001) found only 0.8% of the sample to have 
exceeded the zinc concentration of the ADWG (2004) in New Zealand, but no 
details are provided on the construction of the roof or tank. In addition, these 
higher concentrations have also been observed in urban creek samples and 
were attributed to illegal connections (Pitt et al., 1995). It is expected that all 
galvanised roofs will have higher concentrations of zinc and exceed the 3 mg 
L-1 ADWG (2004). In addition, the urban runoff is also likely to exceed the 
trigger value for fresh water of 8 g L-1 recommended by the AFWG (2000a, 
2000b) and therefore zinc is tested in this study. 
3.5 Summary 
This chapter showed that stormwater run-off can be highly polluted and 
have detrimental effects on receiving waters. Furthermore, it has also been 
shown that a number of policies, rules and legislation apply to the pollutants 
in stormwater. It is highlighted that most of the standards and guidelines 
give a good indication of what is acceptable in regards to discharges from a 
site. Councils, on the other hand, require a reduction in pollutant discharges 
from sites and require these pollutant discharges to be estimated. It has been 
shown that even though RWT are utilised for water storage, the quality of 
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this water and the first-flush is still not well characterised, whilst the 
overflow, which is often diverted directly to the street, has not been 
investigated in most studies. Therefore, the research question was raised 
what the water quality characteristics of RWT discharges are. 
 
Relevant processes, such as build-up and wash-off, settlement and biofilms 
have been noted. The impact of gradients and the potential for forming 
biofilms have been explained and discussed. The wash out of the epilimnion 
and biofilm can be significant contributors to the pollution in overflows from 
RWT, but in turn ensures that the water ages.  Individual pollutants and their 
impact on the environment were discussed and the recommended guidelines 
and expected values were highlighted for each particular pollutant, followed 
by the most likely predictive, surrogate, build-up and / or wash-off 
equations. The most commonly used equations or predictive equation are 
build-up and wash-off functions, but in some cases, regression equations are 
used.  
 
In regards to reuse purposes of RWT, particular pollutants of concern are 
pollutants that can bioaccumulate, are harmful to the health of users and 
those pollutants that can influence the specification of other elements.  A 
large number of pollutants have not been previously reported in the 
literature in regards to RWT  and therefore further research is required.  
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Chapter 4 Stormwater Modelling1 
4.1 Introduction 
Urban stormwater modelling is an important element of sustainable urban 
design. During the last 50 years, urban stormwater modelling has evolved 
from simplistic manual ‘street drainage’ design to a more holistic design 
method incorporating On Site Detention (OSD) and Water Sensitive Urban 
Design (WSUD) elements. Urban stormwater modelling has become more 
complex with time, due to the necessity of simulating the urban water cycle 
encompassing hydrology, hydraulics, ecology, water quality and economic 
considerations. 
 
Many of the currently available urban stormwater models in Australia have 
been developed as a part of dedicated research projects and are available as 
freeware or commercial packages. Each ‘research’ model is generally 
stronger on some particular aspects of urban stormwater modelling, but may 
not cover other important characteristics. Ahyerre et al. (1998) indicated that 
most of these models should be used more as a research tool rather than as a 
management tool. The research centre models have in some cases been 
upgraded to commercial software packages that can be easily applied by 
design engineers and consultants. Some support and training are available 
for these programs through networks and websites; however, updates in the 
long term are not guaranteed and in-house development by the users may be 
required to cope with the day-to-day modelling needs. In addition, these 
research models often emphasise one particular aspect, which makes them 
often unsuitable for management or detail design (Ahyerre et al., 1998).  
                                                   
1 Parts of this chapter have previously been published in: 
van der Sterren, M, Rahman, A, Shrestha, S & Thomson, A 2008, ‘Urban Stormwater Modelling in 
Australia: comparison of three commercial software packages,’ Water Down Under, Institute of 
Engineers Australia (IEAust), 14 to 17 April 2008, Adelaide. 
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A one-stop-shop is the easiest solution in a practical sense, but this is not 
always possible, especially as some models are not accepted by all councils 
and others require that a specific model to be used, which is a restraint of 
trade and could be challenged in court. As the research in this thesis may 
have a direct impact on the industry, it is a vital requirement that the model 
must be available on the commercial market and be generally accepted by 
the industry and local government authorities. 
 
The aim of this chapter is to provide a comparison of software programs for 
the pilot study and the longitudinal cross-sectional study. This chapter 
focuses firstly on the principles behind the software packages. Following 
this, the requirements for a modelling program from the perspectives of 
design engineering, research and scale are discussed. The chapter compares 
and contrasts these requirements for a number of different programs. It also 
highlights the importance of the choice of program and the issues faced in 
choosing a software package.  
4.2 History and Terminology 
The literature review so far has shown that drainage design in particular for 
OSD and WSUD is more than a couple of simple calculations. Details of 
water quality and quantity are all an integral part of a good drainage design 
and these are analysed using computer modelling programs. These programs 
are used to determine the impact of developments and to ensure that suitable 
stormwater networks are designed. Since 1960, a large number of commercial 
and free-ware modelling programs have been developed (Zoppou, 2001). 
Each of these programs have different rationales, user-interfaces and 
approaches to the design of the stormwater network. Furthermore, the 
output of each of these programs may be significantly different due to 
various assumptions inherent to the software program (O'Loughlin, 2008). 
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Commonly, models can be described according to the following 
classifications (Abbott and Refsgaard, 1996; Singh, 1995; Zoppou, 2001): 
Stochastic or Deterministic Model, Conceptual or Physically Based Model, 
Distributed or Lumped Model and Continuous or Event Driven Model. 
Recent modelling software is often a combination of these principles 
(Obropta and Kardos, 2007) and considers uncertainty from input variables 
and within the model (Obropta and Kardos, 2007) . 
 
There are two different types of storms that can be modelled, either 
continuous or single events. The event driven models simulate one particular 
storm event of interest. There is no link to previous events and assumptions 
need to be made of the pre-event conditions, such as how full a Rainwater 
Tank (RWT) is and what the level of backwater might be. Continuous 
simulation models simulate a number of different storm events over a 
continuous period, inclusive of dry periods (Abbott and Refsgaard, 1996; 
Zoppou, 2001). This approach is recommended for RWT and water quality, 
as they are dependent on antecedent rainfall and wash-off processes 
(Obropta and Kardos, 2007; Wong, 2006a), but considerable ‘care and 
expertise’ are needed to ensure the model provides useful results (Pilgrim, 
1987, reprinted 1998, p. V-59). It should be noted that evapotranspiration is 
generally the largest single loss in continuous modelling (Mitchell, Mein and 
McMahon, 2001), and should therefore be considered in long term modelling. 
 
There are a large number of different rainfall and run-off equations, which 
are embedded in the various stormwater models. These equations are used 
to simulate the run-off and to route the water flows through the network. 
Commonly utilised catchment routing methods are the Laurenson’s (1964) 
and Aitken’s (1973, 1975) run-off equations, the time area method and the 
unit hydrograph method (Pilgrim, 1987, reprinted 1998). Each of these 
methods can be utilised in particular situations and in some cases multiple 
methods can be employed. The choice of method depends on the catchment 
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characteristics and if the system is volume sensitive (Pilgrim, 1987, reprinted 
1998). 
 
In the XP-SWMM program, there are a number of methods on how the 
catchment run-off can be modelled. Laurenson’s (1964) method is often 
utilised to conduct drainage designs, but it is generally only applicable to 
rural catchments. Aitken (1973, 1975) adjusted Laurenson's (1964) method so 
that it can be utilised for urban areas. This method is probably not the most 
suitable for small catchment modelling (such as a lot scale) as the model uses 
a generic urban area equation to determine the run-off from a large urban 
catchment. The smallest catchment was nearly 0.8 km2, which is significantly 
larger than the average roof area of most residential buildings (Aitken, 1973, 
1975). 
 
It was shown by Goyen (2000), that a modified Laurenson’s (1964) method 
could be utilised for roofs, but only 50% of the catchment area was to be used 
and the parameters of Laurenson’s equation need to be adjusted. Goyen 
(2000) suggests to use Equation 4-1 for roofs and Equation 4-2 for roads. 
  
          ,  Equation 4-1 
        ,  Equation 4-2 
 
where S is the storage (hr m3 s-1) and Q is the instantaneous run-off (m3 s-1) 
from the catchment calculated from the design or continuous rainfall 
intensity data and the area. Goyen, Lees and Phillips (2002) utilised his own 
method to create a model for the Upper Parramatta River Catchment Trust 
(UPRCT) and to reduce the Site Storage Requirement for the UPRCT OSD 
systems. 
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The Australian Rainfall and Runoff (AR&R) (Pilgrim, 1987, reprinted 1998) 
does not recommend the unit hydrograph method as it is only applicable to 
those catchments that are not very small or very large. The smallest 
catchment size that the unit hydrograph is applicable to is approximately 25 
km2. For urban areas, run-off routing is more appropriate than the unit 
hydrograph method. 
 
The Urban Rational Method (URM) can also be used to determine peak flows 
from an urban catchment and is based on the rational method. The URM is 
currently under review (Hicks, Gray and Ball, 2009), as it is believed that the 
uncertainty associated with this methodology is unknown and that the 
derived run-off coefficients are based on only four catchments. Two issues 
are that the method uses the Total Connected Impervious Area (TCIA) 
instead of Directly Connected Impervious Area (DCIA), and that the 
minimum catchment size for the method is 0.1 km2. In addition, the rational 
method was based on small and mountainous catchments. The rational 
method is only representative of those catchments where the rainfall 
duration is equal to or larger than the concentration time (Todini, 1988). 
 
Furthermore, the time area and Goyen’s (2000) methods are linear 
relationships, which imply that the travel time and the velocity in the 
catchment are constant for all discharges, whilst Aitken’s (1973, 1975) 
method is non-linear and therefore the velocity is assumed to vary with 
discharge (Bates, Sumner and Boyd, 1993; Pilgrim, 1987, reprinted 1998). For 
the purpose of modelling the roof catchments, an analysis will need to be 
conducted to determine if the time area, Aitken’s (1973, 1975) or Goyen’s 
(2000) method is the most suitable prior to calibrating the model, to ensure 
that the best model is used to fit the data. 
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Sensitivity analysis, uncertainty analysis, calibration, and validation of 
models are an important step in any modelling. Sensitivity analysis is 
conducted prior to calibration to determine the parameters that influence the 
outcome of the model (Engel et al., 2007), giving a focus for the calibration. 
Uncertainty analysis gives the range of accuracy between the modelling 
program and the reality within the actual boundaries of the modelling 
exercise (Abbott and Refsgaard, 1996; Obropta and Kardos, 2007; Refsgaard 
et al., 2007; Zoppou, 2001).  
 
Calibration refers to the minimisation of error due to non-optimal 
parameters until it becomes insignificant compared to any errors related to 
random or systematic errors in input data or recorded data (Abbott and 
Refsgaard, 1996; Zoppou, 2001). This is often conducted on a trial and error 
basis (Anderson and Woessner, 1992), which is difficult to do manually on 
large models (Obropta and Kardos, 2007).  
 
Validation is the process of describing the range of accuracy that can be 
obtained with the models within its domain of applicability (Rykiel, 1996). 
Model validation is often confused with model verification. Model 
verification can be defined as testing whether the model is a true 
representation of a conceptual model within certain specified limits or ranges 
of application and corresponding accuracy. This means that if the software 
program is already verified (i.e. no longer a conceptual model), it can only be 
validated when used for describing a certain natural system (i.e. domain). It 
is important, as has been highlighted by others (Bertrand-Krajewski, 2006; 
Refsgaard and Henriksen, 2004), to note that these definitions are used and 
not the overall definitions for verifying (telling absolute truth) and valid 
(always true) in the psychological sense (Oreskes, Shrader-Frechette and 
Belitz, 1994) of the words, as these do not apply to modelling a system.  
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Furthermore, there is an underlying belief that calibration, validation and 
verification can be used to gain a qualitative understanding, not a perfect 
representation of the natural systems using a computer program (Ball, 1989; 
Bertrand-Krajewski, 2006; Beven, 1989). The assumption is made in this 
research that calibration and validation can be used to increase the accuracy 
of the model output and establish guidelines for its applicability. 
4.3 Software Requirements 
4.3.1 Design Engineer’s Perspective 
From a design engineer’s perspective, there are certain requirements for a 
drainage modelling program. The Cooperative Research Centre for 
Catchment Hydrology (CRC for Catchment Hydrology) (2005a) 
recommended four basic considerations for model selection: (i) objectives of 
the overall exercise; (ii) access to data; (iii) access to expertise; and (iv) 
availability of resources. They suggested that these criteria should be 
addressed for each individual modelling exercise, which might be expensive 
in real world scenarios.  
 
Based on discussions with consultants and designers, it is apparent that they 
would evaluate the purchase and use of an urban stormwater model on the 
following principles: 
 Cost of purchase, training and ongoing maintenance of the program; 
o Initial purchase price, upgrades and costs for on-going training 
and maintenance of the program are important criteria in 
model selection. Computers are routinely upgraded which 
directly impacts programs due to different system 
requirements. Some programs may have a lower initial price 
but, higher maintenance costs. With every change to the 
program, training of the users is required. In addition, training 
by experienced trainers at a convenient location and a good 
price are favoured. 
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 Acceptability by clients, councils and the industry; 
o A program is required to be accepted by councils, industry and 
clients. 
 Ease of use of the program; 
o An easy to use program with a graphical interface is preferred 
by users. 
 Versatility of the program;  
o With the varying types of modelling conducted by industry, 
one program that can handle a number of different tasks is 
more financially viable than a number of programs that can 
each do only a small portion of the different modelling tasks. 
 Compatibility with other design programs; 
o Compatibility with other programs, such as the common 
drawing file extensions (dwg and dxf) and importing of 
Triangular Irregular Networks (TIN’s) can save both time and 
money. 
 On-going software and troubleshooting support. 
o During urban stormwater modelling of a project, things can go 
wrong or data errors occur. A hands-on software development 
and troubleshooting team is, therefore, an important part of the 
complete stormwater modelling package. 
 
This list is further expanded, when using commercially available computer 
software for modelling in a research environment. This is discussed in the 
next section.  
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4.3.2 Research Perspective 
The choice of modelling software for a research project can be rather 
complicated due to the sheer number of software packages available. It is a 
good start to ensure that the modelling software complies with the design 
engineer’s requirements. In addition to these, there are some other 
requirements to ensure a good quality research outcome, as discussed below. 
 
Firstly, it is of the utmost importance to ensure that the model is well 
calibrated and validated for any modelling exercise and this is often not 
conducted by the industry in Australia. O’Loughlin (2008) indicates that 
errors from non-calibration are common and therefore, as discussed by 
Refsgaard et al. (2005), a good quality model should be calibrated and 
validated and the modelling program should contain the tools to facilitate 
this. It has been found, in previous research, that the majority of calibration 
and validation studies using stormwater models were undertaken for larger 
catchments (Stephens and Kuczera, 1999), which does not guarantee the 
accuracy of these models when applied to lot size catchments. Some software 
programs have incorporated methods to assist with calibration and 
sensitivity analysis, whilst others require the use of additional programs to 
analyse the effect of the parameters. It is important that for any model and 
modelling study the following four parts are addressed in regards to the 
calibration and validation of the modelling: 
1.  ‘Statement for which the model was built or calibrated; 
2. Verbal and analytical descriptions of the conceptual model and the 
corresponding computerised model; 
3. Specifications of the domain of applicability and the range of 
accuracy related to the purpose of the model; and 
4. Description of the tests used for model verification and validation 
and discussion of accuracy’ (Abbott and Refsgaard, 1996, p. 22). 
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These requirements will have to be met by any model created for use in this 
thesis. The calibration  can be tested  with the following tests (Abbott and 
Refsgaard, 1996; Singh, 1995): 
 Split sample; 
 Differential split sample test; 
 Proxy-basin test; and 
 Proxy-basin differential test. 
 
A split sample test is conducted, when the data from one site is separated 
into two periods, one for calibration and one for validation. The differential 
split sample test is used when the data collected from the one site is 
representative of two distinct different periods in between which the site 
underwent a change. If two sites with available data are located near each 
other a proxy-basin test can be used to determine if  the calibration of one site 
can be validated with data from the other site. A proxy-basin differential test 
combines the proxy basin test with the differential split basin test (Abbott 
and Refsgaard, 1996; Singh, 1995). 
  
In addition, with any form of urban stormwater modelling consideration 
must be given to whether one needs event-based or continuous simulation 
modelling and whether the modelling includes the assessment of water 
quality or water quantity or both (Cowell and O'Loughlin, 1989). Coombes et 
al. (2002a, p. 1) indicated that the ‘only feasible and rigorous approach is to 
use continuous simulation’ for urban stormwater modelling, in particular for 
RWT. This is only partially true as continuous simulation modelling might 
not be directly applicable to a simple one-lot drainage design. Hardy et al. 
(2007) have indicated that continuous simulation would give a better 
indication of ‘the operation and performance of volume sensitive (urban 
drainage) systems’. Furthermore, a sub-daily time-step such as six minute 
rainfall on a continuous simulation have been shown to provide more robust 
models (Coombes and Barry, 2006). 
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Finally, the model is only as good as the input data, and therefore, quality 
data is required for the modelling task (Boschetti, Grigg and Enting, 2010; 
Codner, 1989; House et al., 1993; Obropta and Kardos, 2007; Ward and 
Trimble, 2004). With the lack of good quality data, calibration, validation and 
creation of a good quality model is a frivolous exercise. Availability of good 
quality data will assist in reducing the margin of error and the uncertainty 
associated with the urban stormwater modelling results. There is likely to be 
a number of parameter sets that provide a suitable result in regards to the 
objective function (Beven, 2002). A sensitivity analysis is therefore often 
conducted to determine the most sensitive parameters and the likely range of 
parameter sets that are considered behaviour or objective generating sets 
(Beven, 2002). 
4.3.3 Scale Perspective 
In Section 2.2, it was indicated that a continuing argument has been taking 
place in the scientific literature on the impact of RWT and OSD on a lot scale. 
This scale issue in regards to RWT and OSD places a particular requirement 
on a model used for this research project. This section will explain, why the 
model chosen to be used, needs to be able to model on a lot scale as well as 
on a catchment scale. 
 
Coombes, Frost and Kuczera (2001) conducted a study on the impact of RWT 
based on the UPRCT requirements. It has been shown in Section 2.3 that 
UPRCT requirements are not directly applicable to the whole of the Western 
Sydney Region. It seems, however, that this research has had a remarkable 
impact on the scientific community and the industry. As discussed in section 
2.2, Coombes, Frost and Kuczera (2001) found that on the lot scale, the OSD 
systems reduced the peak discharge as required, but the RWT can only 
complement the OSD system, by reducing the volume of run-off.  
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On the other hand, Joliffe (1997) and Argue (1997) have both been promoting 
the use of RWT since 1997. Herrmann and Schmida (1999), Andoh and 
Declerck (1999) Argue and Scott (2000) and Vaes and Berlamont (2001) 
discuss that the reduction of peak discharge at a lot scale with RWT is not 
significant. Argue and Scott (2000) indicated that with a large scale model, 
the OSD and RWT systems produce similar hydrographs. They agree that the 
peak discharge on a lot scale is larger for RWT than for OSD, but in ‘medium 
large catchments, the cumulative effect of volume reduction, under OSR, 
obliterates the effect of high peak discharges delivered by individual sites’ 
(Argue and Scott, 2000, p. 5). This indicates that the scale of the model would 
significantly change the outcome of the study, which has also been identified 
by Bertrand-Krajewski (2006) and Singh (1995). The smaller the catchment 
the more sensitive it will be to high intensity short rainfalls (Singh, 1995).  
 
Coombes, Frost and Kuczera (2001) acknowledge that the scale of the model 
has an impact on the results of the model. They suggest modelling the OSD 
systems on a catchment scale and then use this to model the OSD and RWT 
systems on a lot scale. The results in modelling practices are to model ‘a 
single entity at the centroid of the catchment’ and this might incur 
‘misleading result’ (Coombes, Frost and Kuczera, 2001, p. 42). Beecham, 
Kandasamy and Trinh (2005, p. 32) agree with the catchment wide 
modelling, as ‘not all the results from this type of analysis are obvious and 
special characteristics of the catchment and drainage system are important 
factors’. It can, therefore, be said that modelling of RWT and OSD should be 
conducted on a catchment wide basis. This scale change goes hand in hand 
with complexity, but added complexity does not necessarily mean a better 
prediction as it increases the uncertainty (Obropta and Kardos, 2007).  
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The catchment scale, however, is not applicable to design engineers, as 
council’s criteria are based on a lot scale and therefore they conduct a design 
on a lot scale basis. A solution will need to be found for the translation of a 
catchment wide model to a site based model. This transformation has been 
attempted with the introduction of Permissible Site Discharge (PSD) and SSR 
requirements in the UPRCT, but these requirements created significant 
issues, especially in regards to size and cost of OSD systems, as discussed in 
Chapter 2. It should be noted, that any model program selected for this 
research should have the option of modelling both at a catchment scale, as 
well as at a lot scale. 
 
It can be concluded that it is important to choose a model that can be used 
effectively as a research tool and can also be readily applied and used in the 
industry. To assist in this choice, a detailed evaluation for each of the criteria 
is included in Section 4.4.  
4.4 Software Program Comparison 
4.4.1 Design Engineer’s Perspective 
4.4.1.1 Cost, Acceptability, Compatibility and Ongoing Support 
The cost, acceptability, compatibility and on-going support for different 
commercially available programs can differ significantly as discussed below 
for the selected programs. A subjective rating procedure was applied in this 
study to compare the selected models in Table 4-1, where the more + signs 
denote a higher rating. The overall rating shown in Table 4-1 is an average 
rating without consideration of the cost of the model.  
 
DRAINS and XP-SWMM were originally developed for research projects but 
on-going developments have made these programs widely accepted 
commercial packages in Australia. DRAINS is an Australian owned and 
operated program, first released in 1998. It is relatively inexpensive ($3,990 
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for an unlimited licence and $2,799 for a limited node licence) and is now 
distributed by Watercom Pty Ltd (O'Loughlin and Stack, 2006). DRAINS uses 
the ILSAX engine for the hydrological modelling, which was originally based 
on ILLUDAS and the TRRL methods (O'Loughlin and Stack, 2006). DRAINS 
is compatible with imports from programs dealing with the common 
drawing file extensions (e.g. dwg and dxf) and can output longitudinal 
sections into these same formats. It can also be GIS compatible for an 
additional cost. Data can also be imported from Excel. DRAINS, therefore, 
receives an excellent rating for acceptability and a medium rating for 
compatibility (see Table 4-1). 
 
MUSIC is short for Model for Urban Stormwater Improvement 
Conceptualisation and is developed by the Cooperative Research Centre 
(CRC) for Catchment Hydrology (Wong, 2006a; Wong et al., 2005). The initial 
program functions as an aid for decision making by analysing treatment 
trains with WSUD devices. These devices are modelled in detail in MUSIC 
and show the annual load discharged from the catchment. The program is 
based on the water quality research conducted by Duncan in 1999 and a soil 
storage modelling concept (Mackay, 1999; Wong et al., 2005). Duncan (1999) 
statistically analysed a large dataset of published pollution results from 
around the world and found the parameters for the log-normal distribution 
of each pollutant type.  
 
MUSIC cannot be used for detailed hydraulic analysis for stormwater 
drainage has not been included in this software package and therefore 
hydraulic analysis needs to be conducted using a different software package. 
MUSIC is widely accepted by councils around Sydney to estimate pollutant 
loads from urban development projects or catchments.  
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Since MUSIC has limited hydrologic and hydraulic modelling capabilities, 
other models need to be used in stormwater drainage design on top of 
MUSIC, which may become rather costly for the developer and clients. 
MUSIC is compatible with most of the Bureau of Meteorology (BOM) 
climatic data files, but exports all data in a text format or can utilise the copy 
and paste function in Excel.  
 
MUSIC receives a medium acceptability, as there is still a lot of debate 
regarding this software package. In addition, MUSIC has been allocated a 
low compatibility rating, as it seems to be only compatible with the text 
format and BOM climate files (see Table 4-1). 
 
XP-SWMM is a commercial package for modelling stormwater and 
wastewater flows and pollutants. Currently, version 12 is available and 
includes a number of improvements and bug fixes in comparison to earlier 
versions. Some significant changes have been made to the EXTRAN module 
and the interface of the original SWMM model (XP Software, 2007a). XP-
SWMM can be used as an event based or a continuous simulation model. 
However, an event based application is more common with this software 
package. The modelling in XP-SWMM is conducted on a node and link 
system, with the hydrograph inputs transferred from an interface file. XP-
SWMM has an in-built global database, which can be prepared to include 
design data such as AR&R design rainfall temporal patterns. It has a number 
of hydrologic models from which to select, as well as various run-off routing 
procedures. 
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 XP-SWMM and XP-STORM (a mini version of XP-SWMM) are compatible 
with the common drawing file extension (dwg and dxf), 12D and HEC-RAS 
outputs. 12D is civil design software package, which has options for 
exporting overland flow path sections and drainage or sewer systems for 
modelling in various software packages. Surfaces created in survey and road 
design software can also be imported into XP-SWMM automatically to 
provide surface levels, which may save time in some modelling exercises. 
XP-SWMM, therefore, receives an excellent rating in compatibility (see Table 
4-1). 
 
The cost of XP-SWMM is significantly high ($4,995 for 50 nodes and $18,995 
for unlimited nodes); however, XP-STORM, may be another less expensive 
option ($3,495 for 50 nodes and $14,995 for unlimited nodes). XP-STORM 
functions the same way as XP-SWMM, but has some of the modules of XP-
SWMM turned off. XP-SWMM and XP-STORM have been accepted by 
various councils as suitable modelling packages; however, the water quality 
aspect of this software package is not as well received. XP-SWMM is 
excellent in terms of hydrologic and hydraulic modelling from the USA, but 
its water quality module is not that advanced and is based on research. It can 
be adapted readily to Australian data, therefore, receives a medium rating 
for acceptability in an Australian context (see Table 4-1). 
 
It should also be noted that XP-SWMM and DRAINS provide ongoing 
support through their office help lines, whilst MUSIC utilises peer assistance 
only through the toolkit website. In addition, DRAINS and MUSIC are 
Australian owned, whilst XP-Software is based in the USA with a local office 
in Canberra. Generally, DRAINS and MUSIC have a greater acceptance by 
councils and the industry in Australia than XP-Software. 
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Users of XP-SWMM or other XP-Software packages often battle to show that 
these packages are applicable to Australia and are as good as other 
Australian models. This results in an overall average rating for support for 
XP-SWMM and DRAINS and a low rating for MUSIC. 
 
Table 4-1 Comparison of three urban stormwater modelling programs 
for cost, acceptability, compatibility and support 
 Cost Acceptability Compatibility Support 
Overall 
Rating 
DRAINS $3,000
b 
+++ ++ ++ ++ 
XP-
SWMM 
$4,995
b
 + +++ +++ ++ 
MUSIC $3000
b, c
 ++ + + + 
a + is a low rating, ++ is a medium rating and +++ is a maximum rating,   b Actual minimum cost 
of licence, c was $300 in 2007 
4.4.1.2 Training and User Interface 
MUSIC, DRAINS and XP-Software have training facilities in place 
throughout Australia to support and train their users. These training sessions 
cover various methodologies in the program, effective running of the 
programs including handling of the input and output data. The number of 
training days available varies per program and by state.  
 
All three software packages have a graphical interface. MUSIC and DRAINS 
have pictures for the different node types (such as pit and catchment), whilst 
XP-Software still uses a line and circle system. XP-Software does allow the 
attachment of a picture to a node. All three packages function on a drag, 
drop and double click (or right click) method to draw the network and to 
edit the data. Some of the data needs to be entered manually, whilst other 
data can be imported. MUSIC requires mainly manual input except for the 
BOM data files, which can be imported directly into MUSIC and are saved as 
a template. The graphical interfaces within these software packages are being 
extended and updated on a regular basis, especially with the development of 
more powerful computers, which has been identified throughout the years as 
a key influence on modelling programs (Todini, 1988). 
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4.4.1.3 Application 
MUSIC is applicable to WSUD and models the pollutants in a treatment train 
by continuous rainfall simulation. MUSIC can only model water quality  and 
requires the user to design the urban stormwater system hydraulically using 
a different program. The results from these other applications then need to 
be converted to a MUSIC model and remodelled it for water quality results. 
This is rather a lengthy process especially when dealing with large urban 
stormwater systems. It is recommended by the MUSIC developers and others 
(Elliot and Trowsdale, 2007; Wong et al., 2005), who recommend calibration 
of the model prior to analysing the impacts. However, for this, good quality 
data will need to be available for the site, which is not the case in most 
situations. 
 
MUSIC is utilised often as part of Australian urban stormwater research 
studies. Dotto, Deletic and Fletcher (2009) utilised MUSIC to conduct 
calibration and sensitivity testing using Frequentist and Bayesian approaches 
on the rainfall and run-off module. They found that the Bayesian approach is 
more suitable for calibration and sensitivity analysis for complex models. 
Wainwright and Weber (2007) calibrated the parameters in MUSIC for 
various locations in New South Wales (NSW), but only for water quantity, 
not water quality. MUSIC has also been utilised in overseas research projects 
and adjusted to suit their situation (Bastien et al., 2010), and predecessors of 
MUSIC have also been shown to be able to model daily quantity and quality 
(Chiew and McMahon, 1998).  Furthermore, Parker (Parker, 2010) calibrated 
MUSIC to model WSUD systems at Coomera Waters, which showed a 4% 
retention volume for a wet land and a 24% retention volume for a 
bioretention basin.  
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As MUSIC is widely adopted, guidelines have been prepared such as the  
Melbourne Water (2004) guidelines, which provide guidance on input 
parameters to assist developers in MUSIC modelling. The Sydney Catchment 
Authority (SCA) has also specified the use of MUSIC modelling on 
developments within their catchments and developed a manual to model 
development discharging into the water supply catchments (Sydney 
Catchment Authority, 2009). 
 
DRAINS is a design package, which is easy to use and enables a simplified 
design of urban drainage systems. DRAINS, however, cannot be utilised for 
continuous simulation and does not include a water quality component 
(O'Loughlin and Stack, 2006). It can also be used, with the new inclusion of 
the pump system, to model RWT. DRAINS is widely used in Australia and 
the design rainfall patterns for Australia are incorporated into the program 
(O'Loughlin and Stack, 2006). The minimum input requirements for a 
DRAINS model are general pit levels and pipe sizes, depression storages and 
soil type, catchment areas and percentage impervious surfaces, basin or tank 
sizes, orifice size and weir details (O'Loughlin, Reid and Seneviratne, 2006). 
AR&R (Pilgrim, 1987, reprinted 1998) shows an example of DRAINS’s 
predecessor ILSAX and indicates it is developed in Australia, unlike some of 
the other programs it discusses.  
 
DRAINS or its predecessors (ILLUDAS and ILSAX) have been successfully 
used in modelling exercises in Australia. Beecham et al. (2005) utilised a 
modified ILSAX program to model OSD basins on a catchment scale. 
Dayaratne et al. (2000; , 1998) utilised ILSAX in a modelling study and it was 
found that the most utilised program in Victoria at the time was ILSAX. 
Dayaratne (2000; , 1998) modelled a number of urban catchments in Australia 
to develop improved methodologies for design and analysis of urban 
stormwater drainage systems (in particular with the use of ILSAX). 
O’Loughlin, Stack and Wilkinson (1998) modelled a 1.7 hectare (ha) Sydney 
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catchment using both ILSAX and DRAINS to determine the impact of time 
steps in modelling. White (1989a) also modelled Jamieson Park in ILSAX and 
found it worked equally as well in both SWMM and ILSAX. DRAINS is 
clearly a successful urban stormwater design and analysis program. 
 
In XP-SWMM, different storms can be allocated to different nodes to 
represent a spatially varied rainfall in a large catchment. XP-SWMM and its 
predecessor and ‘cousins’ have been used for a large number of modelling 
studies and a wide range of uses (Elliot and Trowsdale, 2007). For example, 
Abustan (1997, 1998) used SWMM to model phosphorous loadings from an 
urban catchment in Sydney. A similar program to XP-SWMM named 
InfoSWMM was used by Cantone, Garcia and Schmidt (2008a) to determine 
the effect of conduit skeletilisation. They chose InfoSWMM, because it ‘has 
an ARCGIS interface and its underlying simulator is the SWMM engine’ 
(Cantone, Garcia and Schmidt, 2008a, p. 715). Cantone, Garcia and Schmidt 
(2008a, p. 721) compared InfoSWMM to HEC-RAS and ILLUDAS and found 
InfoSWMM ‘provided the best interface for analysing hydrologic and 
hydraulic behaviour’ and that simplification has different impacts on 
different models.  
 
Goyen (2000) utilised XP-RAFTS for modelling roof and small urban 
catchments in Sydney and developed the process tree approach for 
modelling urban areas, whilst Lee and others (Lee, 2009; Lee, Hewa and 
Pezzaniti, 2008) utilised SWMM to model environmental flows in a rural 
catchment in South Australia. Lee and Heaney (2003) used SWMM as well 
and determined the effect of direct connected impervious area on the run-off 
of an urban catchment in the United States of America (USA), whilst Fang 
and Ball (2008) used SWMM and a real-value coding algorithm to determine 
the interactions between input parameters. Phillips et al. (2005) used XP-
SWMM in combination with TUFLOW to model flood levels in Prospect 
Creek in Sydney and found that after calibration the flood levels were 
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modelled appropriately. In addition, Phillips et al. (2006) also determined 
that XP-SWMM can be used for WSUD and Phillips et al. (2006) showed with 
XP-RAFTS that a reduction to OSD can be applied when using a RWT.  
 
Choi and Ball (2002) and Maitland et al. (1999) utilised SWMM to model 
catchments in Sydney, whilst White (1989a; , 1989b) used XP-SWMM to 
model water quality and quantity in Jamison Park in Western Sydney. Smith 
and Codner (1998) used SWMM and found better correlation with the build-
up and wash-off equation than with predictive equations. In addition, Jang et 
al. (2007) showed that SWMM can accurately model the natural waters, but 
showed some underestimation of developed area flow. Lee (2009) modelled 
low flows in SWMM and showed that these flows can be modelled in 
SWMM for urbanised and undeveloped areas. As can be seen from these 
examples and from previous reviews (Elliot and Trowsdale, 2007; Nix, 1994), 
XP-SWMM and its predecessor and ‘cousins’ are very versatile and as such 
Tsihrintzis and Hamid (1997) indicate that SWMM is the most used water 
quality model in the USA. 
 
Recycling of stormwater and black water, however, cannot be modelled 
using XP-SWMM (XP Software, 2007c). They can be modelled using another 
software package, such as urbanCycle by Hardy et al. (2007). These type of 
Integrated Urban Water Modelling Systems (IUWMS) are also promoted by 
Mitchell et al. (2007) who indicate that there are not many programs that can 
simulate Integrated Water Cycle Management (IWCM) system at a sub-daily 
time interval. These fully integrated models can be very useful on large 
greenfield subdivisions or to monitor and manage council-wide water 
quality and quantity, as stated by Hardy et al.(2007).  
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On a small infill development, the use of IUWMS may not be justified. XP-
SWMM, DRAINS and MUSIC can give results, which are quite acceptable 
from a practical application viewpoint. Using a sophisticated model such as 
IUWMS to design a RWT for five townhouses on a quarter acre block may be 
regarded as unnecessary.  
4.4.2 Research Perspective 
Researchers have a different perspective in requirements for modelling 
software programs than the designers, as all models for researchers are to be 
calibrated using a known set of data and validated against another set of 
data. This places additional requirements on a modelling program. XP-
SWMM has a sensitivity analysis built into the modelling program, which 
can assist in determining the sensitivity of the input parameters, but has a 
large number of parameters that need to be calibrated. The output results can 
be directly imported into Excel, which facilitates comparison of observed 
values versus modelled results. DRAINS have a lesser amount of parameters 
that would require calibration and would therefore be easier to fit to data, as 
the calibration becomes more complex with more parameters. DRAINS also 
can export easily to Excel to compare the observed values versus modelled 
results. MUSIC has a large number of parameters, such as initial soil storage 
capacity and soil storage capacity, which are difficult to define within real 
limits, as data on these parameters is difficult to locate; however, observed 
data can be plotted with modelled data for an easy comparison of fit (Wong 
et al., 2005). In regards to water quality, MUSIC and XP-SWMM are able to 
model water quality, whilst DRAINS and XP-SWMM cater more for water 
quantity.  
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4.4.3 Scale Perspective 
All three software programs (MUSIC, DRAINS and XP-SWMM) can model 
the required area on a lot scale or on a catchment scale.  Each software 
program is verified for a certain area range and this is evident in MUSIC, 
which has a range from 0.01 km2 to 100 km2, whilst both XP-SWMM and 
DRAINS are limited by the amount of nodes purchased. ILSAX can model 
large urban catchments and was able to model lot scale when taking into 
account depression storage (Stephens and Kuczera, 1999). This means that 
DRAINS, which is based on ILSAX, is able to do this as well. 
 
It should be noted that the minimum verified size for MUSIC is 10,000 m2, 
which is significantly larger than the average Australian lot size, and 
therefore, should not be used for lot scale models or catchment models less 
than 1 ha (Elliot and Trowsdale, 2007). On the other hand, MUSIC has been 
used by industry on a lot scale and the 2009 version 4 release has a 
cautionary note in regards to the use of MUSIC (eWater CRC, 2010), 
especially in regards to the underlying assumptions of the program. 
4.5 Future Software Modelling Programs 
New stormwater software modelling programs are being developed and 
existing programs are constantly being updated. Furthermore, users are 
trialling these improved models on different catchments and testing their 
limits of applicability. The future of stormwater software modelling 
programs, especially hydrological and hydraulic software programs, is 
changing from simple calculations to more complex simulations. There are 
two types of changes occurring.  
 
The first is the more integrated stormwater modelling systems. MUSIC was 
the first step of integrating stormwater quality and quantity modelling, 
incorporating supply from RWT (Wong et al., 2005). This idea was further 
explored and the software developed by Hardy et al. (2009; , 2003) has 
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formed the basis for new software programs and allows modelling of lot, 
cluster and catchment scale water management. This program is being 
further developed with the work being conducted by Graddon, Kuczera and 
Hardy (2009)  to include stormwater management and water supply within 
the one interlinked model. Other programs are also being developed to 
include integrated modelling, but often only based on one outcome or 
component (Barton and Argue, 2009; Cheah, Ball and Cox, 2008), but further 
development is needed to ensure the evaluation of the total water cycle 
(Elliot and Trowsdale, 2007; Makropoulos et al., 2008; Mitchell et al., 2007).  
 
The second change is the move toward the use of 2-dimensional (2D) 
modelling for flood levels, especially in urban areas (Babister, Retallick and 
Ball, 2009). This change has occurred in industry and the ongoing revision of 
the AR&R will include guidelines on 2D modelling. The change towards this 
type of modelling has already occurred and 2D modelling studies are being 
conducted in the industry and in research projects throughout the world 
(Arconica and Lanza, 2005; Bradbock, 2006; Britton, 2009; Dey and Kamioka, 
2006; Djordjević, Prodanović and Maksimović, 1999; Hsu, Chen and Chang, 
2000; Phillips et al., 2005), but further research and guideline documentation 
is to be developed to further enhance this aspect of modelling, which is being 
completed for the upcoming revision of AR&R (Babister, Retallick and Ball, 
2009). 
4.6 Conclusion 
Stormwater modelling programs are being developed, improved and 
updated on a regular basis. These modelling programs are often either 
research or commercially available programs. There are many stormwater 
modelling programs available and a large number of those modelling 
programs are utilised in Australia. There are different types of models, which 
have been developed since 1960. 
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The different characteristics of several models were reviewed. It is argued 
that using either time area, Aitken’s (1973, 1975) or Goyen’s (2000) methods, 
would be the most suitable method for roof run-off modelling and urban 
catchment modelling, but a combination of the time area method in DRAINS 
and the soil storage coefficient in MUSIC have been found to be a reasonable 
Australian owned alternative. 
 
This chapter compared three programs: XP-SWMM, DRAINS and MUSIC. 
The programs are fundamentally very different with a range of features and 
applications, but they are often utilised throughout Australia for modelling 
roof run-off and stormwater, and prediction and analysis of both water 
quality and quantity. Freeware programs are not used in this thesis. The 
comparison found that XP-SWMM is the most versatile of the three programs 
and that it can be used to conduct continuous simulations and water quality 
modelling.  
 
As a final note, the future of stormwater modelling will be integrated 
systems and 2D modelling. A move towards integrated systems modelling 
has been happening and the ongoing review of the AR&R should shed more 
light on recommended modelling practices for these types of modelling 
exercises. 
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Chapter 5 Research Design and Study Area 
5.1 Introduction 
The research questions in this thesis were outlined in Chapter 1 along with a 
short overview of the methodology that was used. This chapter provides 
further details on the research design and location of subject sites that were 
investigated for this research project to answer the research questions. The 
research problem and research questions are multi-faceted, and therefore, the 
research design is divided into interlinking components. Each of these stages 
are discussed in detail in this chapter. 
 
The research focuses on developing new scientific knowledge on the impacts 
of Rainwater Tanks (RWT) and On Site Detention (OSD) on urban 
stormwater quantity and quality characteristics. This knowledge is intended 
to form the basis for recommendations to improve current design guidelines 
for RWT and OSD systems in the Western Sydney Region. Computer 
modelling is used to examine this impact. In the previous chapters, it has 
been shown that the choice of computer model is very important and that 
there is a lack of quality data for the concentrations of pollutants in urban 
run-off, especially in Western Sydney. This results in two different 
components into this study: (1) water quality and quantity analysis in 
Western Sydney and (2) computer based water quality and quantity 
modelling. To pave the way of this research, a pilot study was conducted for 
both of these components, which is followed by a longitudinal, cross-
sectional study to provide data for the more detailed lot and catchment scale 
models. 
 
This chapter describes the overall research design and the location of the 
study. This is followed by a summary of the water quality and quantity, and 
modelling pilot studies and their outcomes. 
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5.2 Experimental Design 
This research incorporates on-site data collection and modelling at selected 
sites in Western Sydney. Other studies have used a similar methodology. 
Examples of these previous studies are Abustan (1997) and Goyen (2000). 
Both of these researchers utilised a combination of data collection and 
modelling. This approach is typical for assessing stormwater impacts or 
modelling methods for stormwater management. It should be noted that 
Abustan (1997) modelled stormwater quantity, Total Suspended Solids (TSS) 
and Total Phosphorus (TP) within a Sydney stormwater system. Goyen 
(2000), on the other hand, collected stormwater quantity data and modelled 
the stormwater system in various scales of detail. Other research studies that 
have not followed the same research method, but have similarities are 
Miguntanna (2009), Brodie (2007) and Dayaratne (2000). Miguntanna’s (2009) 
build-up and wash–off data are considered suitable for modelling purposes 
and are used in this thesis. Brodie’s (2007) analysis of stormwater run-off and 
Dayaratne’s (2000) evaluation of modelling programs have also been used in 
the literature review and pilot study. This research project incorporated three 
different stages. These stages and their components are shown in the 
schematic in Figure 5-1. 
 
The aim of the pilot study for the water quality was to ensure that the most 
suitable pollutants were tested and proper methods were selected. The pilot 
modelling study utilises the selection list shown in Chapter 4 to select the 
most suitable modelling program for this research study. 
 
The longitudinal, cross-sectional water quality study determined the 
concentration of various water quality parameters and the results were used 
to calibrate and validate the lot and catchment scale stormwater models 
developed in the software program selected with the pilot study. 
  
M.F.E. van der Sterren   
107 
 
 
Figure 5-1 Flow diagram of the research design adopted in this research 
study 
 
Finally, from these models and results, recommendations are made for 
design guidelines and for council specifications. In addition, the research 
attempts to shed some light on stormwater modelling inputs for Western 
Sydney. The next sections highlights the selected subject sites in more detail. 
5.3 Ethical Considerations 
The data collection component of this research required consideration of 
human (07/165) and biohazard (BRSC 08/002) ethics (National Health and 
Medical Research Council and Australian Research Council, 2007a). The 
human ethics was required to access private property (National Health and 
Medical Research Council and Australian Research Council, 2007b). The 
biohazard ethics was needed, because microbiology testing was conducted 
on the water quality samples and the microbes were level 2 organisms 
(Standards Australia, 2002, 2005). 
 
  
Pilot Study 
• Water Quality and Quantity 
• Modelling - OSD and RWT  
Year-long 
Research 
• Longitudinal cross-sectional Water Quality and 
Quantity 
• Modelling - Lot and Catchment Scale  
Final 
Outcome 
• Modelling Inputs for Western Sydney 
• Recommendations for design guidelines and councils 
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In consideration of the well-being of potential volunteers in households 
using RWT, ethical principles were upheld throughout the research. Potential 
volunteers were asked a number of questions. This included questions in 
regards to the utilisation of RWT water, possible collection dates and if there 
was a member in the household that was immunocompromised. This last 
question in regards to the health of the potential volunteers was raised only 
when the RWT water was utilised for drinking. This was to prevent incidents 
if and when a water quality probe was installed inside the tank. Throughout 
the initial stages of locating volunteers, it was found that the ethics 
considerations were indeed required, as a potential volunteer with a RWT for 
consumption had to be excluded from the research. This potential volunteer 
was unwilling to answer any of the questions and on those grounds was 
excluded from the research. In addition during testing, a limit on the volume 
of water that could be extracted by this research project was set and a cut-off 
volume was allocated to each tank. This did occur, but when the water levels 
in the tanks were extremely low, permission was granted in some 
circumstances by the owners to take minimal samples.  
 
Since volunteers are protected by ethics, no exact locations have been 
identified in this thesis or names of volunteers used. This research refers to 
the different sites by number to ensure confidentiality. In regards to 
biohazards, a protection level 2 (PC02) laboratory was utilised throughout 
the project. In addition, the practical assistants and the researcher utilised 
appropriate methodologies to protect themselves and others from 
contamination. On advice of a General Practitioner, hepatitis and tetanus 
shots were obtained for all of those involved with sampling; however, no 
incidents occurred throughout the research project. 
 
M.F.E. van der Sterren   
109 
5.4 Study Area 
5.4.1 Hawkesbury City Council 
Hawkesbury City Council (HCC) is located west of Sydney and incorporates 
an area of 2,793 km2. The Council area has a mix of rural and urban 
development surrounded by a National Park (80%). The majority of urban 
and rural land use is in the southern part of the council area. A significant 
part of the Hawkesbury-Nepean River runs through the Council area. The 
HCC is contained within the Hawkesbury-Nepean Catchments Management 
Authority (HNCMA). Figure 5-2 shows HCC in regards to Sydney, New 
South Wales (NSW) and delineates the HNCMA and the Hawkesbury-
Nepean River.  
 
Figure 5-2 Location of Hawkesbury City Council in the Hawkesbury-
Nepean Catchments Management Authority and Australia 
The figure shows the location of NSW and Sydney in respect to Australia. The insert in the figure 
shows the location of the Hawkesbury Nepean Catchment (), Hawkesbury City Council (▓) and 
Richmond (■) in respect to Sydney Central Business District (CBD). 
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HCC manages its own stormwater collection and disposal and has recently 
reviewed their Development Control Plan (DCP). The new DCP incorporates 
changes to the stormwater DCP prepared by Barker Ryan Consulting in 2006 
and will be up for public comment in 2011 (P. Pradhan [Hawkesbury City 
Council] 2010, phone conversation, 17 August). The new DCP allows more 
sustainable principles to be used for design, but no reduction in On Site 
Detention (OSD) has been set and left up to the designer to argue. In a 
conversation with Mr. P. Richardson, it was indicated that two catchment 
areas were in need of stormwater analysis, as local flooding often causes 
some significant issues (P. Richardson [Hawkesbury City Council] 2007, 
meeting, 15 November).  
 
Two areas within HCC were examined, Bligh Park and North Richmond, 
included the Geographic Information System (GIS) data provided by 
Council. Furthermore, the Office of Water (Department of Trade & 
Investment, Regional Infrastructure & Services) indicated in a letter to 
residents of North Richmond that the existing system managed by the 
Council is already under-capacity (G. Brady [Office of Water] 2009, letter to 
resident North Richmond, 19 January) and therefore the decision was made 
to use a defined area in North Richmond for this study, known as ‘Kemsley 
Downs Estate’. Details of this estate are further discussed in Section 5.4.3. 
 
HCC continues to consolidate and expand its urban areas and is expected to 
grow from 60,938 people in 2006 to 72,995 people by 2031, which will place 
additional strain on its ageing stormwater infrastructure (HCC - City 
Planning Division, 2009). The HCC have developed a GIS database to give an 
indication of the capacity and location of their stormwater drainage system; 
however, a significant amount of data is not incorporated within their GIS 
systems. Furthermore, additional development was approved by HCC in 
North Richmond and this will put additional strain on an already failing 
system (see Section 5.4.3.5 for more information).  
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Throughout the research study, HCC has been assisting with plans and other 
information. The resulting application to policy (see Chapter 8) is therefore 
directly applicable to HCC, but other councils and legislative bodies could 
utilise it with minor modifications. 
5.4.2 Hawkesbury-Nepean River Catchment 
The HCC is located within the Hawkesbury-Nepean Catchment. The 
Hawkesbury-Nepean Catchment is 22,000 km2 and management of this 
Catchment is considered critical for  Sydney and  surrounds (Hawkesbury 
Nepean Management Forum, 2004). A large number of research studies have 
been conducted on this Catchment and water quality data has been collected 
in these studies. The studies also looked at the impact that tributaries and 
other inputs have on this particular river. For example, in 1989 it was 
identified that the urbanisation has a detrimental impact on the 
Hawkesbury-Nepean River (Hammerschmid et al., 1989) and Roberts 
identified that 650 µg L-1 TN and 55 µg L-1 TP can cause eutrophication in this 
River. It is outside the scope of this research to look at the Hawkesbury-
Nepean River in detail, however, the study site for the catchment model 
drains into Redbank Creek, one of the tributaries (see Figure 5-3) and 
therefore, the current water quality of the Hawkesbury-Nepean River and 
Redbank Creek need to be considered. 
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Figure 5-3 Hawkesbury-Nepean River and Redbank Creek 
The figure shows the build-up area () around Sydney CBD, the location of North Richmond (-), 
Redbank Creek (), the Hawkesbury-Nepean River (-) and Hawkesbury City Council (). 
 
A summary of the available studies on the Hawkesbury-Nepean River was 
published by the Office of Environment and Heritage (OEH) and funded by 
Sydney Catchment Authority (SCA) (2009). The report discussed the long 
term water quality results in the river and indicates that ‘many areas in the 
Hawkesbury-Nepean can be described as being stressed, and some areas can 
probably be best described as being eutrophic’ (DECC & SCA, 2009, p. 17). 
The water quality results in Appendix D.III were provided by the Office of 
the Hawkesbury-Nepean for comparison to the outlet of the selected 
catchment. A summary of the water quality results is shown in Table 5-1 and 
this provides the benchmark for the stormwater quality discharge from the 
catchment.  
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Table 5-1 Results of the Hawkesbury-Nepean River at North Richmond 
(DECC & SCA, 2009, Site N42) 
Pollutant Units 
20th 
Percentile 
Mean 
80th 
Percentile 
Standard 
Deviation 
Conductivity 
mS 
cm-1 
- 0.25 - 0.10 
Temperature o C 19.7 20.3 23.5 5.38 
Dissolved 
Oxygen 
mg L-1 7.6 9.3 18.1 2.74 
pH - - 7.7 - 0.59 
Turbidity NTU 1.89 2.97 8.47 3.27 
Suspended 
Solids 
mg L-1 5.67 6.14 7.74 10.82 
Total 
Phosphorus 
mg L-1 - 0.02 - 0.02 
Total Nitrogen mg L-1 - 0.67 - 0.25 
 
In addition, in 1998, the Healthy Rivers Commission indicated that the parts 
of the catchment that are urbanised, are in a relatively poor condition 
(Healthy Rivers Commission of New South Wales, 1998), as a result most 
research has focussed on urban run-off in the catchment. Furthermore, the 
water filtration plant in North Richmond takes their raw water directly from 
the river (Sydney Water, 2010a) providing further need to improve the water 
quality. On a regular basis, this raw water is tested by Sydney Water. The 
average results of the raw water for the period of this study is shown in 
Table 5-2 (Sydney Water, 2008, 2009a, 2009b). 
 
Table 5-2 Mean in 2008, mean in 2009, minimum and maximum raw 
water quality intake of the North Richmond water filtration plant (Sydney 
Water, 2008, 2009a, 2009b) 
Pollutant Unit Minimum Mean 
2008 2009 
Maximum 
E. coli cfu 100 mL-1 <1 - - 250 
Turbidity NTU 0.86 4.81 2.20 6.84 
Colour Hu <2 13 10 46 
pH - 6.8 7.32 7.53 11.2 
Aluminium mg L-1 0.019 0.133 0.083 0.993 
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HCC indicated that water quality testing was conducted at Redbank Creek in 
1996 and 1997 (D Tierney [Hawkesbury City Council] 2008, email, 2 June). 
These water quality results show that turbidity and Total Dissolved Solids 
(TDS) levels were elevated, but are both below the trigger values (AFWG, 
2000a, 2000b) (see Chapter 3). The nitrates were above the Total Nitrogen 
(TN) trigger values (AFWG, 2000a, 2000b) for the samples tested in 1996, but 
the averages were below trigger values for those analysed in 1997. The 
phosphates are significantly above the AFWG (2000b) of 0.05 mg L-1. It 
should be noted that in 1997 the high levels of TN and TP could affect water 
quality in downstream rivers. A summary of the results from the testing 
conducted at Redbank Creek is shown in Table 5-3. 
 
Table 5-3 Redbank Creek water quality result 
(D. Tierney [Hawkesbury City Council] 2008, email, 2 June) 
Pollutant Units 1996 1997 
Faecal coliforms cfu 100 mL-1 180 400 
pH - 7 7 
Temperature ºC 14.5 15.9 
TP mg L-1 - 0.6 
Nitrates mg L-1 0.86 0.31 
TDS mg L-1 271 353 
Turbidity NTU 37.1 5.4 
 
The water quality in the Hawkesbury-Nepean River is expected to worsen, 
because the proposed urban growth centres in Sydney are located within the 
catchment (known as the North West and South West growth centres). The 
natural channels from both growth centres drain directly into the 
Hawkesbury-Nepean River (Searle, 2006). These centres would need to 
achieve suitable water quality and quantity requirements to avoid worsening 
water quality and quantity in this River. Furthermore, an application for 
inclusion in the Metropolitan Development Program (MDP) for a property 
on Grose Vale Road, North Richmond, was discussed at the HCC meeting on 
the 8 December 2009 and 2 February 2010.  
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On the 2 February 2010, a proposed report to the Department of Planning 
and Infrastructure (DPI) was tabled, which indicates that any additional 
development could increase the strain on existing services, including 
stormwater, sewage and water supply. Council’s recommendation included 
an Integrated Water Cycle Management (IWCM) plan, but as these 
developments would require Development Application (DA) approval, 
Council policy directly contradicts these requirements as discussed in 
Chapter 2. The Council policy may need to be upgraded to minimise the 
impact that growth centres have on the River system. The North Richmond 
subject site and further developments in the area are, therefore, of particular 
interest. 
5.4.3 Catchment Subject Site 
5.4.3.1 North Richmond 
North Richmond is located within the HCC area. The area is bounded by the 
Hawkesbury-Nepean River, Redbank Creek and ‘Peels’ or ‘the Yeomans 
farms’. The suburb can be described as urban fringe and is best classified as 
urban with rural surroundings (see Figure 5-4). A significant development 
has recently been approved at the southern end of Arthur Phillip Drive in 
North Richmond.  
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Figure 5-4 Location and surrounds of North Richmond 
The figure shows an overview of North Richmond and its location to the main transport corridors. The 
insert in the figure shows the detail of the selected catchment and the streets and park. 
 
The proposed site for this development was one of the first farms in 
Australia to conduct sustainable agriculture by infiltrating water into subsoil 
using a system called the keyline system (Bowden, 2009; Burton, 1957; 
Mulligan and Hill, 2001; Yeomans, 1965). The keyline (see Figure 5-5) system 
uses the contour of the land to identify points of concentrated run-off 
(keypoints). These points are then modified by creating a keyline and small 
earth embankments to collect the water into a dam and divert the water into 
irrigation channels (Yeomans, 1993; Yeomans, 1971). The concept of the 
keyline system is to control and make better use of the run-off, which in 
essence is very similar to the Water Sensitive Urban Design (WSUD) concept. 
Some challenged the concept of keyline (Breakwell, 1995; Burton, 1957), but 
its techniques are still implemented by permaculture enthusiasts (Mulligan 
and Hill, 2001).  
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The concept that keyline can be applied to a city was originally discussed by 
Yeomans (1971) and promoted by others (Geake, 2008, 2009). It is considered 
that WSUD could be incorporated into the keyline system to ensure that 
future generations can learn about this system, whilst creating a safe 
sustainable drainage system. 
 
 
 
Figure 5-5 The Keyline Concept (republished with permission from K. 
Yeomans (Keyline Designs, 2008)) 
The figure shows the Keyline Concept. A dam would be constructed on the keypoint and contours 
above falling to it. The water is discharged via the keypoint to the keylines for cultivation, parallel to 
the keyline. 
 
The development was granted consent on the 15 September 2009 by HCC for 
the development of senior housing (R. Nej [Hawkesbury City Council] 2009, 
Notice of Determination of Development Application to North Richmond 
Joint Venture Pty Ltd, 30 September). The development is expected to 
achieve a Construction Certificate (CC) and start construction by the end of 
2011 or beginning of 2012 (A. Flaherty [J. Wyndham & Prince] 2010, meeting, 
2 February). The proposed development is to construct senior housing and 
will include all the necessary civil works to service the site. The DA consent 
is based on two large OSD basins, six bio-retention swales and numerous 
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RWT to meet the Building And Sustainability IndeX (BASIX) and stormwater 
requirements for the development. The consent has 162 conditions, including 
the HCC requirement of OSD, which indicates that the post-development 
run-off should not exceed the pre-development run-off. In addition, 
conditions have been included in regards to water quality testing for pre- 
and post-construction, as well as the use of water quality treatment devices. 
Furthermore, it is mentioned in the consent that ‘the existing farm dams 
located outside and upstream of the footprint of the Seniors Living 
development are to have their water level reduced and permanently 
maintained at a lower level via periodic controlled release’ (R. Nej 
[Hawkesbury City Council] 2009, Notice of Determination of Development 
Application to North Richmond Joint Venture Pty Ltd, 30 September). This 
work will be conducted to ensure that the remainder of the development and 
the receiving catchments are not placed at risk as a result of ill-maintained 
dams (A. Flaherty [J. Wyndham & Prince] 2010, meeting, 12 February). The 
proposed development plan for the aged care housing is attached in 
Appendix B.I.a. This development is the first part of a larger development as 
a submission has been made to the DPI for inclusion in the MDP (see Section 
5.4.2). It should be noted, that this proposed development is not the first 
application for this particular farm, as a similar proposal was approved in 
1987, but only part of the proposed 1150 lot (plus school and shops) 
subdivision was approved and constructed, which is the area bounded by 
Arthur Phillip Drive and the electrical easement (G.M. McCully 
[Hawkesbury Shire Council] 1987, letter and condition of consent to 
Gutteridge Haskins & Davey (GHD), 29 April), otherwise known as 
‘Kemsley Downs Estate’. 
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The North Richmond and Districts Community Action Association 
(NRDCAA) is concerned with the loss of water storage in the dams from this 
development, as they believe these dams prevent flooding throughout the 
catchment (Bowden, 2009). The new development will drain through a 
section of North Richmond, which is part of the research (see Figure 5-6). 
This particular catchment drains into Redbank Creek. In the past, significant 
local flooding has occurred in the North Richmond area, due to Redbank 
Creek backing-up, when the Hawkesbury-Nepean River rises. Records show 
floods on some properties up to 1.5 m in extreme events, with a real level of 
21.4 m Australian Height Datum (AHD) (G.M. McCully [HCC] 1986, letter to 
resident, 7 November). The area also has a Probable Maximum Flood (PMF) 
of 26.5 m AHD (Hawkesbury City Council, 2010). The proposed stormwater 
system and connection point are shown in Appendix B.I.b. 
 
 
Figure 5-6 North Richmond drainage and inlet point of new 
development 
The figure shows the current pit () and pipe layout (-) in the North Richmond subject site. The 
upstream proposed development site is shown in a red outline (). The proposed discharge point of 
the new development is shown as an orange arrow (), draining through the subject site to Redbank 
Creek. 
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The increase in stormwater run-off from the research site has already created 
significant erosion of the banks of Redbank Creek. HCC has conducted some 
stabilising work to prevent further erosion, but if increased flows occur as a 
result of other developments, further erosion of the creek batters can occur 
(Bennet and Booth, 2005). The stormwater GIS database from HCC was 
analysed and significant gaps were found in the data. An undergraduate 
survey project was developed and the GIS database was extended by Barnes, 
Turnbull and Cimbaly (2009) utilising the State Survey Marks as a reference 
(Department of Lands, 2009). Throughout their research, they found 
significant problems with maintenance of the pits. In addition, a major swale 
drain capturing most of the flows has silted up and is preventing water 
draining into it. The maintenance hotspots are shown in Appendix B.I.b 
reproduced with permission of Barnes, Turnbull and Cimbaly (2009). 
 
A previous stormwater study was conducted on the same catchment prior to 
construction of the ‘Kemsley Downs Estate’. This report and further 
examination by Council indicated that the discharges through the North 
Richmond catchment were to be a maximum of 3.1 m3 s-1 and that the 
existing rural catchment (prior to the construction of ‘Kemsley Downs 
Estate’) was between 10 m3 s-1 and 14 m3 s-1 (J. Ball [Gutteridge Haskins & 
Davey (GHD)] 1986, North Richmond rezoning drainage for initial 
development report, 2 October; J. van Es [Gutteridge Haskins & Davey 
(GHD)] 1987, letter to the Hawkesbury Shire Council Shire Clerk, 21 May). 
The discharge resulting from the development of ‘Kemsley Downs Estate’ 
through North Richmond, was minimised by installing a detention basin and 
an 1800 mm pipe under the electrical easement diverting the majority of the 
flows to Redbank Creek (R. van Es [Gutteridge Haskins & Davey (GHD)] 
1989, letter to the Hawkesbury Shire Council, 6 March).  
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Barnes, Turnbull and Cimbaly (2009) and Barnes et al. (2010) found that the 
population of North Richmond is concerned with sustainability and 15% of 
those interviewed are reported to have a RWT. Hence, it should be noted that 
the population is happy to utilise alternative water and stormwater 
management methods.  
 
The stormwater outlet to Redbank Creek was selected as one of the test sites. 
Samples were collected as per the sampling schedule discussed in Chapter 6, 
if flow was present on the sampling day. Flow estimates were made in these 
instances (see Chapter 6 for more details). The outlet pipe is a concrete pipe 
of 450 mm diameter and drains to a swale drain, which discharges into 
Redbank Creek (see Figure 5-7). 
 
 
Figure 5-7 Outlet into Redbank Creek and downstream swale 
The figures shows the outlet from the North Richmond subject site to Redbank Creek (left). The swale 
drain above the pipe (left) continues on in riprap formation until it reaches the Creek (right). 
5.4.3.2 Topography 
North Richmond is located on the banks of the Hawkesbury-Nepean River 
and is a mix of floodplain and rolling hills. The study area is on the side of a 
small hill. 
 
The subject site has an average slope of 5% and falls towards the north-east. 
To the south of the subject area are a large number of farm dams on the hill. 
These farm dams collect the run-off from an agricultural business, which was 
until recently located in the area (see Section 5.4.3.1).  
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5.4.3.3 Geology 
Soil testing has become more common in the HCC area, because of the 
implementation of infiltration systems and WSUD. The results of a number 
of soil tests conducted throughout the HCC area indicate that the soil is most 
commonly sandy loam or clay. The hydraulic conductivity of such soils is 
commonly in the range of 5 x 10-7 m s-1 to 1 x 10-6 m s-1 (West, 1995).  
 
Detailed soil testing has been conducted in the vicinity of the North 
Richmond subject site on various occasions. In 1990, soil testing was 
conducted by Jeffery and Kakauskas as part of the subdivision and 
compaction approvals and found that the soil is silty-clay until about 1.5 m 
deep (D. Kakauskas [Jeffery and Kakauskas Pty Ltd] 1990, Site classification 
Kemsley Downs Estate, 25 January; D. Kakauskas [Jeffery and Kakauskas Pty 
Ltd] 1989, Pavement Investigation Kemsley Downs Estate, North Richmond, 
13 July). This indicates that the application of WSUD elements can be 
achieved in most of the areas throughout the North Richmond suburb, but 
are most likely to require an underdrain. In addition, soil testing was 
conducted by Geotechnique Pty Ltd in 2008 for a different property in 
Richmond, located on the opposite bank of the Hawkesbury-Nepean River 
([Geotechnique] 2008, report, 13 October). The soil testing for this property 
found an average permeability of 7.95 x 10-6 m s-1 (Geotechnique Pty Ltd, 
2008). This testing also found that the site was filled by 0.5 m with silty-sand 
mixed with silty-clay which was located above 1.10 m of alluvial deposits 
consisting of silty-sand, with fine gravel, clayey-sand and sandy-clay 
([Geotechnique] 2008, report, 13 October).  
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The Australian Soil Resource Information System (ASRIS) database (Isbell, 
2002), currently known as the Australian National Resource Atlas (ANRA), 
shows that the saturated hydraulic conductivity is expected to be slow (<2.7 
x 10-6 m s-1) or very slow (2.7 – 8.3 x 10-6 m s-1) (National Heritage Trust, 
2010), but the rate of infiltration during a storm event is also dependent on 
antecedent dry period and moisture content in the soil (Akan, 1991; Beven, 
2004; Horton, 1941; Liu et al., 2011; Philip, 1957). 
5.4.3.4 Land-use 
The land use in HCC is a mix of agricultural and urban living. Richmond and 
Windsor are often considered to be on the peri-urban fringe. North 
Richmond is surrounded by native bush land and agriculture, but it is a 
typical Australian suburb. The average lot size in North Richmond is 710 m2 
with a single residential dwelling, driveway and garden area (Barnes, 
Turnbull and Cimbaly, 2009; Barnes et al., 2010). The roof areas of the 
developments in the area are distributed as follows: 2.5% have a roof area of 
less than 150 m2, 40% have a roof area between 150 m2 and 250 m2 and 57.5% 
have a roof area greater than 250 m2  (Barnes, Turnbull and Cimbaly, 2009; 
Barnes et al., 2010). A social survey identified that the majority of gardens 
only utilise a small percentage of native plants (Barnes, Turnbull and 
Cimbaly, 2009; Barnes et al., 2010).  
 
The study site is surrounded on the eastern boundary by an electrical 
easement, on the western side by Redbank Creek and the remaining 
boundaries by agricultural and urban development. In addition, a medium-
sized park is located near Redbank Creek. The park is predominately grassed 
and surrounded by native bush and trees. The total area of the Peel Park is 
9.4 ha. 
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5.4.3.5 Drainage System 
The drainage system in North Richmond was constructed nearly 30 years 
ago and is a typical pit and pipe system. The drainage infrastructure is 
currently under capacity and is unable to cope with significant flows (G 
Brady [Department of Trade & Investment, Regional Infrastructure & 
Services] 2009, letter to resident, 19 January). A detailed survey of the 
drainage infrastructure in North Richmond was conducted and indicated 
some significant issues with the existing drainage infrastructure, which can 
be summarised as pollutants in pits, sedimentation in swale and general lack 
of maintenance of the drainage infrastructure (Barnes, Turnbull and 
Cimbaly, 2009). 
 
A detailed survey was conducted by Barnes, Turnbull and Cimbaly (2009) to 
collect data on the drainage infrastructure in North Richmond for modelling 
purposes. An additional survey was conducted to include the general outlay 
of the suburb and to provide details of the swale drains within the North 
Richmond suburb. Further data was obtained from HCC regarding drainage 
infrastructure inside specific lots; however, only three diagrams were 
available as stormwater plans were not required in previous legislation. In 
the case of the connection of the rear drainage to the streets, assumptions had 
to be made on the location and expected invert levels of the rear yard pits.  
 
A detailed map is provided in Appendix B.I.b showing the general layout of 
the drainage infrastructure. This map incorporates all collected data and 
identifies the problem areas. A copy has been provided to HCC for their 
asset database management program and all MapInfo files are included on 
the Compact Disk (CD) titled ‘Data’. 
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5.4.3.6 Meteorological Conditions 
The Bureau of Meteorology (BOM) records climatic variables at two nearby 
locations. These locations have recorded data from 1881 to 2010 and are 
identified by 067021 Richmond – UWS, 067033 Richmond RAAF (closed 
1994) and 067105 Richmond RAAF. The details regarding these stations are 
included in Appendix D.I. The average annual rainfall is 780 mm, with a 
median of 774 mm. The total rainfall over the pilot study was 86.8 mm and 
over the longitudinal cross-sectional study was 595 mm. In addition, 
temperatures were also recorded and show a maximum temperature of 22.7 
ºC or a minimum of -0.5 ºC for the pilot study period and a maximum 
temperature of 41.9 ºC or a minimum of -2.4 ºC for the full year study period.  
 
Evaporation data was compiled from the BOM data (Station 067021 and 
067033), the Upper Parramatta River Catchment Trust (UPRCT) data (shown 
in the graph as WSUD data) and the Prospect BOM data (Station 067019). 
The variability in data from the four stations is shown in Figure 5-8. 
 
Figure 5-8 Bar chart comparing the monthly evaporation records from 
different sources (Bureau of Meteorology, 2010; URS Australia Pty Ltd, 
2004) 
The figure shows the variation in monthly evaporation of two nearby measurement stations and data 
presented in the local design guidelines. The figure clearly shows an annual variation with the lowest 
evaporation occuring in winter and the highest evaporation occuring through the summer months.  
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As can be seen in Figure 5-8, the Richmond stations (both the RAAF base and 
the University of Western Sydney stations) show slightly higher evaporation 
than those in the Water Sensitive Urban Design Technical Guidelines for Western 
Sydney (URS Australia Pty Ltd, 2004). The Prospect gauge data for the testing 
period shows a slight variation with the average data from the Richmond 
stations. To smooth out these variations, it was decided to average the values 
from the Richmond gauges for the pilot study. The resulting pilot and the 
year-long evaporation data are shown in Table 5-4. The calculated 
evaporation (average from the Richmond gauges) is utilised in the pilot 
study. 
 
Table 5-4 Monthly evaporation 
Month 
Evaporation (mm)  
Month 
Evaporation (mm) 
Richmond Prospect  Richmond Prospect 
January 192 208.4  July 64 51.1 
February 120 126.5  August 91 87.8 
March 133 121.0  September 125 116.2 
April 99 68.0  October 158 115.4 
May 68 47.5  November 167 166.5 
June 56 36.8  December 206 167.0 
 
Drainage design utilises the design storm approach as outlined in the 
Australian Rainfall and Run-off (AR&R) (Pilgrim, 1987, reprinted 1998). The 
basic design rainfalls are obtained from AR&R volume II and shown in Table 
5-5. AusIFD was used to develop the Intensity Frequency Duration (IFD) 
Table, which is included in Appendix D.II. 
 
Table 5-5 Rainfall characteristics (Pilgrim, 1987, reprinted 1998) 
Characteristic 
Value  
mm hr-1 
Characteristic 
Value  
m hr-1 
Characteristic 
Value 
(-) 
2i1 3.1 50i1 60 G 0.03 
2i12 7.0 50i12 14 F2 4.30 
2i72 2.0 50i72 5 F50 15.8 
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5.4.4 Rainwater Tank Subject Sites 
5.4.4.1 Introduction 
Four RWT sites were selected for testing. The RWT sites are scattered 
throughout the HCC area and have a combined total of five tanks. Site 1 and 
Site 2 were utilised for both the pilot study and the longitudinal cross-
sectional study, and were selected for continuous monitoring. Site 3 and Site 
4 were only used for the longitudinal study and only grab samples were 
obtained from these two sites. This section discusses each of the RWT test 
sites and setups. 
5.4.4.2 Site 1 
The RWT on Site 1 has a volume of 4,500 L and is a (Zincalume®) corrugated 
tank. The tank is on a concrete slab and wooden pallet and is utilised for all 
water needs of the household, except for irrigation. A single 80 mm 
downpipe drains a gutter of a one-way fall 144 m2 roof. The gutter is 115 by 
65 mm and falls towards the tank. Throughout the testing period, up to two 
people were living in the residence, with two changes of tenants occurring. 
The water in the tank is accessed through a 32 mm diameter supply line and 
0.4 kW pump, with a maximum discharge of approximately 0.5 L s-1. 
 
The site was selected for continuous data logging, because the RWT is their 
only source of potable water. The site was fitted with two continuously 
logging water quality probes (Quanta and Datasonde DS5), Logosense2 
datalogger, a MagMaster ABB flowmeter and a tipping bucket rain gauge 
(RIMCO). The generic continuous site setups are shown in Appendix B.II. 
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The sample point for the RWT was the closest tap to the tank on the externals 
of the residence. The sample location is shown in Appendix B.IV. The 
overflow was the second sample point fitted on a weekly basis with a sample 
collection bottle, which sampled the first 2,500 mL of overflow and the water 
level was recorded using the level measurement device shown in Appendix 
B.III. It should be noted that the residence does not include a dishwasher or 
washing machine and all laundering is conducted off site. 
5.4.4.3 Site 2 
Site 2 is a family residence, with four inhabitants. The RWT is connected to 
only part of the roof and has a volume of 13,000 L. Part of the concrete tiled 
roof of the connected area (46 m2) drains through a charged line to the tank; 
the other portion is gravity fed (114 m2). The rainwater for this site is used for 
irrigation only, but plans exist to connect the tank to the toilets. 
 
The site setup is shown in Appendix B.V. The total roof area draining to the 
tank is 160 m2 and the downpipes are 100 by 50 mm in diameter and 
combine into a 90 mm diameter downpipe. The gutter is 80 by 80 mm. The 
water from the tank is supplied to two external taps, one of which was 
selected for testing. The owners were given a checklist to record irrigation 
times. The tank was chosen to be fitted with continuous water quality probes 
to determine the effect irregular use has on RWT quality. The site was also 
fitted with a tipping bucket rain gauge (RIMCO), ABB MagMaster flowmeter 
and level measurement device (see Appendix B.II and Appendix B.III). A 
special overflow collection device was prepared for this site and details of 
this device are shown in Appendix B.V. 
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5.4.4.4 Site 3 
Site 3 is also a family residence, however, the family is dynamic, so there can 
be up to six people within the household. The residence is in a rural setting 
and has an approximate roof area of 240 m2. The roof area of the house and 
the shed (330 m2) both drain into a 100,000 L concrete RWT. Both roofs are 
corrugated Zincalume® and the gutters are half round galvanised steel with a 
depth of 80 mm and width of 150 mm. The run-off of these surfaces 
discharges through a homemade first-flush system prior to entering the tank. 
The water from the tank is used for all indoor demands. Externally to the 
house, dam water is used for irrigation.  
 
The closest external tap to tank is shown in Appendix B.VI. The first-flush 
was fitted with a tap and cap system to assist with sampling and the 
overflow was fitted with a collection device (see Appendix B.VI). Only grab 
samples were taken from the selected tap, overflow and first-flush at this site 
for the longitudinal cross-sectional study.  
5.4.4.5 Site 4 
Site 4 was a local public primary school. Two tanks are located near the 
sandpit, each draining a separate site of the building. The school mainly uses 
the tank water for waterplay and irrigation. The tanks are Colorbond® steel 
and both drain corrugated iron roofs. One of the tanks is positioned in the 
sun, whilst the other is located in the shade. The closest tap for both of these 
tanks is at the tank itself. The site setup shows the relation of the tanks and 
the locations of the taps (see Appendix B.VII). The site was tested during the 
longitudinal cross-sectional study, but only included grab samples. 
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5.4.5 On Site Detention Subject Sites 
5.4.5.1 Factory Site 
The pilot study was based on an existing factory site in Western Sydney. The 
factory is located on a large block within an urban catchment (see Appendix 
B.VII). The factory was to be extended and to reduce the impact of the 
extension, OSD was required according to the HCC DCP (HCC, 2000). The 
existing OSD drainage system is adequate and does not require diversion 
through the OSD system. The OSD system is to be designed to ensure that 
the post-development outflow does not exceed the pre-development outflow. 
The overflow is to be limited to large events. Detailed survey data for the site 
was available (see Appendix B.VII), inclusive of details on the pit depths and 
existing drainage systems. As the existing stormwater drainage does not 
require diversion, two outlets are to be modelled in each of the software 
packages. 
5.4.5.2 Residential Site 
A different OSD system was selected for the full year study. This OSD was 
selected based on the reported problems at the site (C Eyers [Defence 
Housing Australia] 2008, meeting, 20 November) (see Appendix B.VII). The 
residential development was constructed in 2007 (G Ryan [Barker Ryan 
Stewart] 2010, meeting, 4 May) and the tenants have reported significant 
water logging in the yard since construction. The residents and management 
of the site are concerned that the water logging is the result of the existing 
OSD system. The water quality contained and discharged from the OSD 
system is also of concern, as it remains on the site for a significant period. 
Investigation of the water logging indicated that they are not the result of the 
OSD system, but are attributed to issues with grading towards the pits, 
sewer lines and a broken downpipe below the garage (Bassil, Eldahr and 
Youssef, 2009; Nastou, 2009). 
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5.5 Pilot Study 
5.5.1 Water Quantity and Quality Testing 
5.5.1.1 Introduction1 
The water quality pilot study was conducted from the 2 June 2008 until the 
22 June 2008. The aim of the pilot study was to shortlist the pollutants in 
RWT in Western Sydney and to evaluate testing methodologies and site 
setups. Site 1 and Site 2 were used for the pilot study and all continuous 
logging equipment was installed prior to the start of testing. On a weekly 
basis the datalogger was downloaded and the sites were tested for TN, TP, 
sulphates, hardness, temperature, pH, conductivity, Dissolved Oxygen (DO), 
turbidity, Total Solids (TS) and TSS, Enterococcus sp., Escherichia coli (E. coli), 
Total Coliform (TC), Thermotolerant Coliforms (TTC), Heterotrophic Plate 
Count (HPC), aluminium, cadmium, copper, lead and zinc. The grab samples 
were taken from the nearest tap to the RWT and overflow. Additional 
samples were taken near the end of the pilot study of the water surface at the 
top of the RWT. A large number of samples were taken to determine the 
likely pollutants and likely difference in quality from each of the sample 
points (Walton and Hunter, 2009). This allowed for a reduction in tests and 
maximisation of resources for the full year study. The continuous data was 
analysed using an in-house developed Matlab program and stored in HEC–
DSSVue (Hydraulic Engineering Centre, 2009). The in-house developed 
program is described in Appendix E.  
 
                                                   
1 Parts of this section have previously been published in: 
van der Sterren, M, Dennis, G, Rahman, A, Ryan, G & Barker, G 2009, ‘A case study of rainwater 
tank water quality testing in Western Sydney, Australia’, Science and Information Technologies for 
Sustainable Management of Aquatic Ecosystems, 8th International Conference on 
Hydroinformatics, 12 to 16th January 2009, Concepcíon, Chile. 
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5.5.1.2 Sampling 
The sampling was based on the Australian Standards (AS/NZS 5667.1:, 1998; 
AS/NZ 2031:, 2001), the Sydney Water monitoring guidelines (1999) and 
American Public Health Association (APHA) Handbook for the examination of 
water and wastewater (Franson, 2005). The APHA handbook will from this 
point forward be denoted as APHA (2005).  
 
A trip blank was prepared with type 1 reagent grade water in the laboratory. 
At the site, the field blank was prepared but if the field blank was to be used 
for microbiology, the tap of the storage container was sterilised with 
disinfectant (Chemwell Sanitiser). The field blank was preserved for Total 
Kjeldahl Nitrogen (TKN), nitrate and heavy metals to a pH below 2 with 
sulphuric and nitric acid respectively. The tank sample were taken from the 
tap after allowing the lines to flush and flaming (for sterilisation). The same 
procedures were applied for the sampling as for the field blank. The 
overflow was sampled from the on-site collection system following 
procedures described above. 
 
A quality assurance process was adopted (Boughton, 2005; Keith, 1996; 
Quevauviller, 2002), which required all samples to be signed by the collector, 
and the time and date were recorded. This was duplicated on the sampling 
schedule and the site recording sheets. The samples were stored on ice until 
they returned to the laboratory. In the laboratory, the samples were recorded 
in the sampling register, placed in the refrigerator and tested as soon as 
possible.  
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5.5.1.3 Methodology 
Biological Organisms 
The testing conducted in the laboratory, in regards to the TC, E. coli, TTC, 
Enterococci sp and HPC, are based on the Australian Standards (AS). The 
standards are: 
 Total Coliform: 
o AS / NZS 4276.5:2007 (Standards Australia, 2007c) 
 E. coli and Thermotolerant Coliforms: 
o AS / NZS 4276.6:2007 (Standards Australia, 2007d) 
 Enterococcus sp.: 
o AS / NZS 4276.9:2007 (Standards Australia, 2007e) 
 HPC: 
o AS /NZS 4276.3.1:2007 (Standards Australia, 2007b) 
 
The membrane filtration methods (AS/NZS 4276.5, AS/NZS 4276.7 and 
AS/NZS 4276.9) were used for all tests except for HPC, which was 
conducted using the pour plate method. Reference cultures and confirmation 
tests were used for the TC, E. coli, TTC and Enterococci spp. testing. The m-
Coli blue was used for both the TC and E. coli testing (HACH 8074), whilst 
the Enterococci spp. were tested on bile-aesculin agar and the HPC on yeast 
extract agar. Each of these agars (including nutrient agar for confirmation 
tests) were prepared with the use of dehydrated media from Oxoid and used 
the methods outlined in AS/NZS 4276.1:2007 (Standards Australia, 2007a). 
Each batch of agar and cultures were checked for purity and purity plates 
were done on a two-weekly basis for both the reference cultures as well as a 
blank. 
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All samples were tested within a day of sampling and the results and 
methods recorded in the laboratory notebooks. Details of the laboratory 
assistant and time stamps were also documented. The confirmation tests that 
were utilised during the pilot study were gram stain, oxidation tests, Ortho-
Nitrophenyl-β-Galactoside (ONPG) confirmation test and purity plates. All 
standard reference cultures were refreshed on a two-weekly turn around. 
Physical Testing 
The majority of the physical testing was conducted on site. The temperature, 
conductivity, turbidity, acidity and alkalinity were tested on-site with a 
continuous logging water quality probe (Datasonde DS5 and a Quanta 
probes) at five-minute intervals. As part of the quality assurance of this 
research project, all probes were disinfected prior to installation into the 
RWT. 
 
For the colour, solids and turbidity testing, a sample was extracted from the 
tank in a cleaned plastic bottle. This sample was extracted from the same 
designated point. The TSS were tested using the APHA 2540C and 2540D 
methods (Franson, 2005). Settleable solids could not be determined, as the 
volume of water required was too large and this would put a significant 
strain on those volunteers who use their RWT as their sole supply of water 
(see Section 5.3). 
 
The colour test was based on HACH method 8205 using a DR2800 
spectrophotometer to determine the colour. This HACH method is based on 
the APHA 2120C (Franson, 2005). Between the colour tests, the sample cells 
were cleaned and the washed with reagent grade water. 
 
The turbidity was tested with the HACH turbidity meter 2100P. The HACH 
method is based on the APHA 2130A (Franson, 2005). Between the turbidity 
tests, the sample cells were cleaned and the washed with reagent grade 
water.  
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Inorganic 
DO was measured using the continuous logging probes (Datasonde DS5 and 
Quanta probes) and recorded in five-minute intervals. 
 
The TN, consisting of TKN, nitrate and nitrite used the HACH methods 8075, 
8192 and 8507 respectively for the DR2800 spectrophotometer. These 
methods were based on APHA Methods 4500-Norg C, 4500-NO3- E and 4500-
NO2- B (Franson, 2005). 
 
TP and sulphates were also tested using the HACH methods 8190 and 8051 
for the DR2800 spectrophotometer. The phosphorus method was based on 
the APHA 4500-P and the sulphate was based on APHA 4500-SO42- E 
(Franson, 2005). 
Heavy Metals 
The analysis of the heavy metals in the water samples used Atomic 
Absorption Spectrometry (AAS) techniques described in the APHA 
handbook, except for aluminium, which utilised a colometric 
spectrophotometry method (Franson, 2005). These methods are (Franson, 
2005): 
 Aluminium   3500-Al B 
 Cadmium   3111 B 
 Calcium and Magnesium 3111 B  
 Copper   3111 B  
 Lead    3111 B  
 Zinc    3111 B 
In the laboratory, the AAS samples were digested using 100 mL samples 
with 5 mL of nitric acid. The bottles were rinsed with acid and stored until 
testing of the sample with the AAS. The aluminium samples were tested as 
soon as possible in the laboratory. 
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5.5.1.4 Results: Water Quantity 
The water quantity was recorded at a one-minute time step and examined for 
zero values, flat lines, minimum and maximum values to ensure validity of 
data sets (Branisavljević, Prodanović and Pavlović, 2010),  followed by 
analysis of the sets in the in-house developed Matlab program (see Appendix 
E). The antecedent time was determined using auto-correlation analysis and 
found to be 26 time steps (k in Equation Appendix E-2) for the rainfall at Site 
1 and 27 time steps for the flow at Site 1, whilst Site 2 was determined to be 
105 time steps (see for Appendix F.II.a autocorrelograms). This is equivalent 
to a maximum of 2 hr and 25 minutes for Site 1 and a maximum of 8 hr and 
45 minutes for Site 2 between each individual event. These results are similar 
to those obtain by Nnadi et al. (1999), who utilised the same method for 
determining the antecedent time period as well as results obtained utilising 
partial series plotting (Ball, 2006). 
 
These antecedent times resulted in 9 independent storms for Site 1 and 13 
storms for Site 2. The statistical details regarding these storms are shown in 
Table 5-6 and Table 5-7. The hyetographs for these storm events are included 
in Appendix F.II.a. 
 
Table 5-6 Rainfall and flow characteristics in five-minute totals for Site 
1 
Event 
Number 
Storm Start date 
and time 
imax Burst 
Duration 
Storm 
Duration 
ARI Qmax 
dd/mm/yyyy 
hh:mm 
mm 
hr-1 
min min 1 in 
x yr 
L s-1 
1 01/06/2008 17:50 16.8 270 495 <1 3.19 
2 02/06/2008 08:55 69.6 2305 4220 <1 17.15 
3 06/06/2008 04:05 2.4 145 165 <1 0.00 
4 08/06/2008 12:20 7.2 565 575 <1 0.42 
5 09/06/2008 04:45 2.4 165 200 <1 0.00 
6 10/06/2008 04:55 4.8 385 500 <1 0.06 
7 11/06/2008 17:05 4.8 220 505 <1 0.05 
8 19/06/2008 13:00 12 1115 1995 <1 0.84 
9 21/06/2008 09:45 2.4 150 160 <1 0.00 
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Table 5-7 Rainfall characteristics in five-minute totals for Site 2 
Event 
Number 
Storm Start date 
and time 
imax Burst 
Duration 
Storm 
Duration 
ARI Qmax 
dd/mm/yyyy 
hh:mm 
mm 
hr-1 
min min 1 in 
x yr 
L s-1 
1 02/06/2008 20:30 40.8 1670 2910 <1 54.28 
2 05/06/2008 00:40 2.4 190 190 <1 0.66 
3 06/06/2008 00:45 2.4 125 190 <1 0.00 
4 06/06/2008 09:30 2.4 120 215 <1 0.00 
5 08/06/2008 10:55 7.2 175 280 <1 1.78 
6 09/06/2008 12:30 2.4 120 135 <1 0.00 
7 10/06/2008 05:55 4.8 245 325 <1 0.81 
8 11/06/2008 17:50 12 200 470 <1 10.99 
9 12/06/2008 11:05 2.4 120 135 <1 0.00 
10 17/06/2008 10:05 2.4 120 205 <1 0.00 
11 19/06/2008 13:15 19.2 1000 1410 <1 21.46 
12 20/06/2008 20:15 2.4 120 135 <1 0.00 
13 21/06/2008 09:50 2.4 120 225 <1 0.00 
 
The initial depression loss of the roof area for Site 1 was also calculated as 
discussed in Appendix E.II. The initial loss for Site 1 was found to be  
0 mm, as the line of fit passes through zero; however, the inherent 
instrument error in the rain gauge is 0.2 mm and therefore an initial loss of 
0.2 mm is assumed (Appendix F.II.a.i). 
 
As discussed, the rainfall and flow were recorded on both sites and analysed. 
The rainfall characteristics for both sites are shown in Table 5-6 and Table 
5-7. The data shows that there is some agreement between the two rainfall 
records. However, some differences between the gauges can be easily 
explained due to the spatial variability of the rainfall. Also Site 1 is at a 
higher elevation than Site 2 and therefore expected to have a higher rainfall 
(Chiew and McMahon, 1993). 
  
M.F.E. van der Sterren   
138 
5.5.1.5 Results: Water Quality 
The results from the pilot study for all tests are included on the attached CD 
titled ‘Data’. The tap samples from both sites and the overflow from Site 1 
were tested according to the methods outlined in Section 5.5.1.3. The 
overflow of Site 2 could not be tested as an error occurred in the installation 
of the Site 2 overflow and it had to be disassembled due to the heavy rain. A 
new collection device was designed as a result and installed prior to the 
longitudinal, cross-sectional study (see Appendix B.V). 
Inorganic and Physical Results 
Table 5-8 and Table 5-9 show a summary of the analysis results from the grab 
sample results and the deviation of the mean for Site 1 and Site 2, 
respectively. 
 
Table 5-8 Weekly results for Site 1 tank sample  
Test 
Week 1 Week 2 Week 3 Week 4 
Units 
Results Error Result Error Result Error Result Error 
Sulphate ND 1 ND 1 ND 1 ND 1 mg L-1 
TP 0.35 0.06 0.20 0.06 0.10 0.06 0.25 0.15 mg L-1 
Colour 30 8 15 5 12 5 14 5 Hu 
Turbidity 1.90 0.34 1.62 0.03 2.64 0.63 2.00 0.06 NTU 
Temperature 15.6 0.3 15.0 0.3 15.3 0.3 14.0 0.3 C 
DO 5.68 0.11 2.25 0.10 4.73 0.19 5.52 0.10 mg L-1 
Conductivity 45.6 0.2 34.3 0.2 35.5 0.2 32.2 0.5 mS cm-1 
pH 6.65 0.03 6.37 0.07 6.14 0.01 6.21 0.04 - 
TS 0.25 0.20 0.13 0.09 0.15 0.20 0.10 0.04 mg L-1 
ND=Not Detected 
 
Table 5-9 Weekly results for Site 2 tank sample  
Test 
Week 1 Week 2 Week 3 Week 4 
Units 
Results Error Result Error Result Error Result Error 
Sulphate ND 1 ND 1 ND 1 ND 1 mg L-1 
TP 0.15 0.15 ND 0.06 0.10 0.06 ND 0.06 mg L-1 
Colour 5 5 <5 5 5 5 <5 5 Hu 
Turbidity 0.62 0.05 4.73 0.11 0.25 0.02 0.92 0.07 NTU 
Temperature 17.1 0.3 16.7 0.3 17.6 0.3 14.3 0.3 C 
DO 9.06 0.20 7.19 0.10 9.01 0.20 5.78 0.11 mg L-1 
Conductivity 51.2 0.3 53.1 0.3 54.2 0.3 57.0 0.3 
S cm-
1 
pH 6.53 0.13 6.62 0.01 6.83 0.01 6.09 0.02 - 
TS 0.25 0.20 ND 0.09 ND 0.20 ND 0.04 mg L-1 
ND=Not Detected 
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Sulphate was not detected in either tank. The TP concentrations were
detected at the lower range of the measurable scale of the HACH 8051
method. There are no maximum limits for TP, but there is an expectation to
reduce the TP discharge from the site. The results indicate that some
phosphorus might be collected by the RWT. The colour readings for Site 1
exceeded the ADWG (2004) for the first two weeks and remained high
during the last two weeks, just below the maximum allowable limit for
drinking water (15 Hu). Site 2, on the other hand, had significantly lower
colour readings and was well within the ADWG (2004). The temperature, DO
and conductivity remained steady for both tanks throughout the testing
period. The pH was slightly below the ADWG (2004), except for the first
week for Tank 1 and the third week for Tank 2. Table 5-11 summarises the
hardness results for the overflow of Site 1. As can be seen from the table, TP
results of the overflow were well above the trigger value guidelines of
50µgL-1 for AFWG (2000a, 2000b). The colour was very stable for the
overflow and sulphate was not detected.
Table 5-10 Weekly results for Site 1 overflow sample
Test Week 1 Week 2 Week 3 Week 4 UnitsResults Error Result Error Result Error Result Error
Sulphate ND 1 ND 1 ND 1 ND 1 mg L-1
TP 0.30 0.06 0.3 0.10 0.20 0.10 ND 0.06 mg L-1
Colour 44 5 17 6 21 5 17 5 Hu
TS 0.40 0.20 0.17 0.09 0.15 0.20 0.13 0.04 mg L-1
ND=Not Detected
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Heavy Metal Results  
Table 5-11 shows a summary of the grab sample results and the deviation of 
the mean for heavy metals and calcium tests for the tap samples. 
 
Table 5-11 Weekly results for heavy metals and hardness samples 
Test 
Week 1 (mg L-1) Week 2 (mg L-1) Week 3 (mg L-1) Week 4 (mg L-1) 
Results Error Result Error Result Error Result Error 
Zinc  
Site 1 
7.15 0.25 3.78 0.25 3.82 0.25 3.98 0.25 
Zinc 
Site 2 
<0.25 0.25 <0.25 0.25 <0.25 0.25 <0.25 0.25 
Ca2+ 
Site 1 
<1.0 1.0 <1.0 1.0 <1.0 1.0 <1.0 1.0 
Ca2+  
Site 2 
8.3 1.0 8.1 1.0 8.7 1.0 9.2 1.0 
Mg2+  
Site 1 
0.36 0.10 0.28 0.10 0.29 0.10 0.26 0.10 
Mg2+ 
Site 1 
0.28 0.10 0.31 0.10 0.29 0.10 0.28 0.10 
Cu2+ ND ND ND ND ND ND ND ND 
Mg2+ ND ND ND ND ND ND ND ND 
Pb2+ ND ND ND ND ND ND ND ND 
ND=Not Detected 
 
The results for cadmium and copper were all below the minimum 
concentration for cadmium (0.5 mg L-1) and copper (1 mg L-1) (ADWG, 2004). 
Lead was not detected as the method used for the detection of lead had a 
minimum detectable concentration of 3 mg L-1 (Franson, 2005; Svehla, 1996). 
This methodology for the test had to be reviewed as the lead concentrations 
could be over the ADWG (2004) of 0.01 mg L-1, even though they were not 
detected. The aluminium method was utilised incorrectly and the 
methodology used was required to be reviewed. The zinc concentrations for 
Site 2 were well below the ADWG (2004) of 3 mg L-1, but for Site 1 the results 
were significantly higher. The calcium concentrations were, on the other 
hand, significantly higher on Site 2, than on Site 1. The magnesium 
concentrations were similar for both tanks. 
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Table 5-12 Weekly results for Site 1 overflow sample  
Test 
Week 2 
(mg L-1) 
Week 3 
(mg L-1) 
Week 4 
(mg L-1) 
Result Error Result Error Result Error 
Zinc  0.715  0.584 2.837  0.250 3.487  0.250 
Calcium  <1.0  1.0 <1.0  1.0 <1.0  1.0 
Magnesium  0.21  0.10 0.29  0.10 0.26  0.10 
 
Table 5-12 shows the weekly heavy metal results for the overflow. Zinc was 
well above the recommended trigger guideline of 8 µg L-1 for AFWG (2000a, 
2000b) and magnesium and calcium were shown to be stable and cause a 
hardness of 3.4 mg L-1, which is much lower than the CaCO3 <30 mg L-1 
requirement for the heavy metal trigger guidelines AFWG (2000a, 2000b). 
Microbiology 
The results for the microbiological testing for Site 1 and Site 2 are shown in 
Table 5-13. 
 
Table 5-13 Weekly results for microbiology 
Test1, 2, 3 
(cfu 
100mL-1) 
Week 1 Week 2 Week 3 Week 4 
Mean 
CL (%) 
Mean 
CL (%) 
Mean 
CL (%) 
Mean 
CL (%) 
95 5 95 5 95 5 95 5 
Enterococcus 
sp. 1 
0 1 0 70 26 11 180 229 131 30 32 20 
Enterococcus 
 sp. 2 
0 1 0 40 52 34 13 17 9 7 10 4 
TC 1 545 655 455 TNTC - - 568 679 475 TNTC - - 
TC 2 TNTC2 - - TNTC - - 392 524 293 81 120 54 
TTC 1 6 13 3 TNTC - - ND3 - - ND - - 
TTC 2 TNTC2 - - TNTC - - 9 13 3 4 7 2 
1 The site number is indicated with 1 or 2 
2 TNTC=Too Numerous To Count 
3 ND = Not Detected 
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The results for Tank 1 and Tank 2 show that Tank 2 had significantly lower 
results for Enterococcus sp. than Tank 1. This is not represented in the coliform 
and TTC count, where the results from both tanks were similar. It was 
suggested that smaller dilutions be used for the longitudinal cross-sectional 
research study, as both Tank 1 and Tank 2 on various occasions were shown 
to be Too Numerous to Count (TNTC) even for the 1 mL filtrated sample. 
The growths in the HPC at both 36oC and 21oC were substantial. The tank 
temperatures have not been above 17oC for the duration of the pilot study. 
Various moulds and coliforms were grown, but not identified. The ADWG 
(2004) only have a constraint on the concentration of E. coli, but an error 
occurred with the confirmation test. This was most likely due to the age of 
the broth. 
 
The results for the microbiology testing over the four weeks for the Site 1 
overflow are shown in Table 5-14. 
 
Table 5-14 Weekly results for Site 1 overflow sample 
Test1,2 
(cfu 100 mL-1) 
Week 1 Week 2 Week 3 Week 4 
Results 
CL (%) 
Result 
CL (%) 
Result 
CL 
(%) Result 
CL (%) 
95 5 95 5 95 5 95 5 
Enterococcus 
sp. 
- - - 673 775 585 0 1 0 20 75 5 
TC  TNTC - - TNTC - - TNTC - - 17 26 12 
TTC 100 583 17 ND - - 7 13 3 1 3 0 
1 TNTC=Too Numerous To Count 
2 ND=Not Detected 
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The results indicate that the overflow contained a significant amount of 
bacteria and was slightly higher than the counts for Tank 1. The Enterococcus 
sp. in Week 2 was notably higher, but the remainder was lower. The TC were 
only countable in Week 4 and only countable in the 1 ml samples. This was 
also the case for the TTC, which were mainly countable in the 1 ml filtered 
samples. The ND (not detected) count for the TTC was due to an error in the 
testing and the agar amount in the Petri dish. The HPC counts indicated that 
there was more growth at 21oC than at 36oC. The majority of the HPC plates 
were shown to be TNTC and therefore do not provide reportable results. The 
same error occurred with the E. coli confirmation for the overflow samples, as 
with the tanks samples and therefore no results are provided for the E. coli 
testing. 
Top of Tank Samples 
A sample of the water at the top of the RWT was taken on the 22 June 2008 
for both Tank 1 and Tank 2. The samples were tested for E. coli, TC and TTC, 
Enterococcus sp. and HPC. 
 
All microbiological results for top of Tank 1 were TNTC and were extremely 
higher than results from the overflow and tank samples of Week 4 (see Table 
5-13 and Table 5-14). Tank 2 recorded the water surface to have 143 cfu 100 
mL-1 Enterococci spp., which was significantly higher than the 7 cfu 100 mL-1 
recorded in tap sample (see Table 5-13). The remainder of the microbiological 
results showed extremely high counts and could not be counted, which was 
considered higher than the tap results shown in Table 5-13. 
5.5.1.6 Discussion 
The results were interpreted using the Student’s t test for unpaired samples. 
It was found that the results for sample from the two sites were significantly 
different for calcium (p <0.001), zinc (p <0.01), colour (p <0.038) and 
Enterococcus sp. (p <0.03). The overflow for Site 1 was only significantly 
different to the tank sample for the zinc results (p >0.05) (see Figure 5-10). 
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The test results for the two different sites were significantly different and this 
may be due to a number of reasons. The sites have different materials for 
both the roof of the dwelling as well as the tank itself. In addition, both the 
colour and zinc concentrations for Site 1 decreased after Week 1 and were 
then approximately constant (see Figure 5-9). 
 
 
Figure 5-9 Zinc and colour results for Tank 1 
The figure shows the zinc and colour, which are shown to follow the same trend. 
 
Both tanks were over the ADWG (2004) for pH, and colour. In addition, it is 
not confirmed if lead and E. coli were above or below the ADWG (2004) and 
this is important, especially for Site 1, as the water is consumed. 
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Figure 5-10 Site 1 Zinc concentrations for tank and overflow sample 
The figure shows the zinc concentrations for Tank 1 and Overflow 1. The tank and overflow 
concentrations for zinc show opposite trends. 
 
The majority of the microbiology test results also showed significant changes 
with respect to time. This could be attributed to the washing out of the tank 
during significant rainfall events and when the tank discharges through the 
overflow. This indicates that for the microbiology, the quality of the overflow 
could be significantly higher than measured from the tank water samples. 
The contaminants can settle over a period of time, but the concentrations of 
zinc and indicator bacteria seem to be higher on the air/liquid interface or at 
least in the top section of the water column and flow out of the overflow 
during overflow events. 
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This high concentration of microbes on the air/liquid interface is supported 
by the results of the samples taken from the top of the tank. All these results 
showed higher readings in all microbes tested for in comparison to the 
overflow and tank samples. This has also been theorised by Coombes et al. 
(2002; , 2000c) and is further supported by theory of biofilms (Percival, 
Walker and Hunter, 2000). It is considered critical to test the overflow during 
the longitudinal cross-sectional study to determine the long-term effect on 
overflow water quality, because of the biofilm growth on the air/liquid 
interface or chemical gradients. 
 
The hardness can be calculated from the concentration of calcium and 
magnesium using Equation 3-4 in Chapter 3. Equation 3-4 was utilised to 
determine the water hardness for the four weeks for both tanks and the 
results are shown in Table 5-15. 
 
Table 5-15 Hardness results 
Hardness 
Week 1 
(mg L-1) 
Week 2 
(mg L-1) 
Week 3 
(mg L-1) 
Week 4  
mg L-1) 
Results Error Result Error Result Error Result Error 
Site 1 3.7 2.9 3.7 2.9 3.7 2.9 3.6 2.9 
Site 2 21.9 2.9 21.4 2.9 22.9 2.9 24.2 2.9 
Overflow - - 3.4 2.9 3.7 2.9 3.6 2.9 
 
The hardness values were classified ‘soft’ water and should not cause scaling 
of the pipes. Both the overflow and the tank sample for Site 1 were very 
similar in regards to the hardness. Tank 2 had a higher hardness, which can 
be the result of the concrete tiled roof. 
 
The test results indicated that the roof and tank materials might have 
affected the concentrations of zinc, aluminium and calcium found in the tank 
water. In addition, it was found that the DO levels in Tank 2 decreased 
significantly after the rains had ceased. This could increase the anaerobic 
bacteria in the tank and allow increased growth.  
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5.5.1.7 Conclusion 
Overall both tanks do not meet ADWG (2004). This is an important issue for 
the water authorities of Sydney and the Department of Health. The 
participants indicated that a metallic taste was noticed after drinking tank 
water just after the rain events of the first week, but no other reports were 
given in regards to health or taste. This could be attributed to the intense rain 
events of Week 1 and the prolonged antecedent dry period prior to these 
events. It was also shown that the overflow for Site 1 was significantly more 
contaminated than the tap sample. Top of tank testing was completed to 
confirm the overflow data. The results showed that the biofilm could be 
present in the air/liquid interface (see Section 5.5.1.5 and Section 3.3.2) and 
could contribute to the higher readings in the overflow. It was, therefore, 
decided to monitor the overflow throughout the longitudinal cross-sectional 
study. 
5.5.2 Lot Scale Pilot Modelling1 
5.5.2.1 Introduction 
As discussed in Chapter 4, a significant number of commercial and freeware 
computer programs are available to model run-off quality and quantity. The 
literature review in Chapter 4 addressed the majority of the requirements, 
but a trial modelling exercise was conducted to determine the user-
friendliness of the selected stormwater modelling packages and to test the 
suitability of the modelling protocol proposed by Refsgaard et al. (2006; , 
2007), Engel et al. (2007) and Peterson et al. (2003). 
  
                                                   
1 Parts of this section have previously been published in: 
van der Sterren, M, Rahman, A, Shrestha, S & Thomson, A 2008 ‘Urban Stormwater Modelling in 
Australia: comparison of three commercial software packages’, Water Down Under 2008, 31st 
Hydrology and Water Resources Symposium and 4th International Conference on Water 
Resources and Environmental Research, Institute of Engineers Australia (IEAust), 14 to 17 April 
2008, Adelaide. 
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Problem Definition and Background 
The OSD modelling trial was based on the OSD factory site (see section 
5.4.5.1) and the RWT pilot study model utilised RWT subject Site 1 and Site 2 
(see section 5.4.4). The aim of the modelling was to evaluate three programs: 
XP-SWMM, DRAINS and MUSIC. 
 
The programs that have been selected for the pilot study are based on the 
discussion provided in Section 4.4. The commercial programs were limited to 
DRAINS, MUSIC and XP-SWMM. DRAINS and MUSIC are very well 
accepted throughout Australia. It has been expressed by a number of 
councils that they prefer a DRAINS model above any other model, as it is 
considered more representative of Australian conditions. In addition, a large 
number of councils require a MUSIC model for their water quality analysis. 
Both of these have only a single application, either water quantity or quality. 
On the other end of the scale, there is XP-SWMM. This program is not as well 
accepted, but can model both stormwater quality and quantity for any type 
of development. For this reason, these models were compared and 
contrasted to select the most suitable programs for the research study. 
Model Application, Goals and Objectives 
Two models were conducted as part of the evaluation. The first model was 
an OSD model comparing DRAINS and XP-SWMM. The second model was a 
RWT model comparing MUSIC and XP-SWMM. The OSD model is 
uncalibrated, whilst the RWT model was calibrated with the data of Site 1 
and verified using the proxy-basin test with the data from Site 2. 
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5.5.2.2 OSD Modelling 
Modelling Method 
The following steps are taken in the modelling pilot study: 
 Input data collection; 
 Setup of lot scale model; 
 Initial run; 
 Time run; 
 Design run; 
 Quality run; and 
 Interpretation of results. 
 
The first step was the collection of the input data. This was based on publicly 
available data, or items that can be purchased from the BOM at a very low 
cost. The second step was to setup the lot scale models in each of the 
software programs. This setup took notable time, as all aspects need to be 
entered manually, or downloaded into particular files. The third step was to 
conduct an initial run. This initial run gives an indication if the data is 
entered correctly. This was checked by analysing the model on backflows, 
overflows, rainfall volumes and discharge volume. The fourth step was the 
time run. This run was conducted on a 100-year storm event at a number of 
durations. The durations used in the pilot study were 10, 20, 25, 30, 45, 60, 90, 
120 and 180 minutes (min). The results were analysed for the critical storm 
duration, in other words, what storm event gave the highest discharge and 
the highest overflows from the lot scale development. 
 
The fifth step was the design run. During this run, the model that had been 
setup was run for a number of events and the critical storm duration. This 
means that the 1, 2, 5, 10, 20, 50 and 100 year Average Recurrence Interval 
(ARI) was modelled for the critical storm duration found in run 4.  
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The last step was the interpretation of results. A number of items were 
compared statistically from each of the models to compare and contrast their 
results, as well as the ease of use and applicability of each program. The 
programs were compared not only for the total discharge, but for a range of 
aspects within the system as suggested by Joliffe (1984). 
 
The elements that were compared are: 
 Discharge through orifice; 
 Discharge over weir; 
 Storage in basin; 
 Run-off from roof; 
 Discharge through overland flow path; 
 Output characteristics; and 
 Export methods available. 
 
The input data and model characteristics are shown in the next section. In 
addition, no verification and calibration were conducted, as no measured 
data was available for the outlet or run-off of the system, which is common 
practice in the industry (O'Loughlin, 2008). 
Available Data and Collected Data 
Input data required in the pilot study was divided into three main groups: 
(1) meteorological data, (2) catchment characteristics and (3) storage 
information. Catchment characteristics were principally represented in the 
form of soil data.  
 
The IFD tables were utilised for the study as per the storm design approach. 
The input data is shown in Section 5.4.3.6 and the IFD table is shown in 
Appendix D.II.  
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The data extracted from the ASRIS database were used to estimate initial 
losses, continuing losses and other infiltration data requirements. The data 
used (for the DRAINS and XP-SWMM models) in this study are presented in 
Table 5-16 and Table 5-17. 
 
Table 5-16 Soil characteristics used for DRAINS 
Soil Input Parameter Units Value 
Impervious Area Loss mm 1 
Pervious Area Loss mm 35 
Soil Type (incl. AMC) - 3 
 
Table 5-17 Soil characteristics used for XP-SWMM 
Soil Input Parameter Units Value 
Initial Loss mm 10-35 
Continuing Loss mm/hr 2.5 
Impervious Depression Storage mm 1 
 
The input data for XP-SWMM and DRAINS are mainly physical data from 
the survey and site inspections. The backwater levels and infiltration losses 
are the only directly assumed input data. The general method applied in 
drainage design is to assume the drainage in the street is flowing full and to 
apply the AR&R (Pilgrim, 1987, reprinted 1998) recommendation for losses. 
This information is readily available for most locations in Australia. 
Elevation-area information was used to construct rating curve on storage. For 
the purpose of this study, a 12D Triangular Irregular Network (TIN) was 
used to construct the rating curve shown in Table 5-18. 
 
Table 5-18 Rating curve for the OSD storage 
Height (m) Area (m²) Volume (m³) 
19.94 0.81 0 
22.00 0.81 1.66 
22.10 10.7 2.129 
22.20 28.6 3.937 
22.3 55.50 7.897 
22.40 91.5 15.182 
22.50 140 26.425 
22.60 190 42.62 
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Model Results 
A 90-minute 100-year ARI design storm, as discussed in the earlier section, 
was selected to run DRAINS and XP-SWMM to simulate hydrographs and 
water surface elevations in the OSD basin. Temporal distributions of water 
surface elevation and discharge from the OSD basin are shown in Figure 5-11 
and Figure 5-12. 
 
It can be observed from both these curves that both the models result in 
similar levels of maximum water surface elevations, although the times to 
reach this level were slightly different. In addition, the two models generate 
(orifice) discharge hydrographs which do differ, although not remarkably. 
The XP-SWMM generated hydrograph had a higher peak flow and had a 
later time to peak flow than the flows generated by DRAINS. As the 
difference in the hydrographs was not noteworthy, it was concluded that 
both models produce similar results, which is to be expected. 
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Figure 5-11 Stage of OSD basin for XP-SWMM (time area and 
Laurenson’s methods and DRAINS 
Figure 5-12 Discharge from orifice for XP-SWMM and DRAINS  
The figure shows the temporal variation of the stage in the modelled OSD system in 
DRAINS (♦), the time area method in XP-SWMM (■), and Laurenson’s/Aitken’s 
(Aitken, 1973, 1975; Laurenson, 1964) method in XP-SWMM (▲). 
The figure shows the modelled discharge through the orifice of the OSD system in 
DRAINS (♦), the time area method in XP-SWMM (■) and Laurenson’s/Aitken’s 
(Aitken, 1973, 1975; Laurenson, 1964) method in XP-SWMM (▲). 
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The weir flows generated by the two models differ significantly (see Figure 
5-13). No weir flow was modelled for DRAINS and the Time Area method 
showed a significantly higher peak in XP-SWMM than the Laurenson’s 
(1964) method. This may be due to the difference in run-off methods between 
the different programs and modelling methods, as well as backwater levels. 
 
Figure 5-13 Weir flow XP-SWMM 
The figure shows the weir discharge in XP-SWMM utilising the time area (♦) and Laurensons (■) 
method. The differences in discharges may be attributed to the catchment routing differences between 
the two methods. 
 
The above differences and similarities show that each urban stormwater 
model has its own range of applications. It appears that XP-SWMM is a 
versatile model, but requires a significant amount of data. It is also suggested 
that improvements could be made to DRAINS to include continuous 
modelling and water quality to ensure a competitive Australian alternative in 
modelling continuous rainfall events.  
  
M.F.E. van der Sterren   
155 
5.5.2.3 Rainwater Tank Model1 
Modelling Method 
The data collected on Site 1 during the pilot study was used to calibrate a 
simple roof run-off draining to a RWT in XP-SWMM and MUSIC. The 
models were validated using proxy-basin tests (Abbott and Refsgaard, 1996) 
with the data collected on Site 2. The process of calibration, validation and 
sensitivity analysis is illustrated in Figure 5-14, based on procedures used by 
others (Blasone, Madsen and Rosbjer, 2008; Engel et al., 2007; Freni and 
Mannina, 2010; Helton et al., 2006; Kleidorfer et al., 2009; Nash and Sutcliffe, 
1970; Peterson et al., 2003; Refsgaard et al., 2006; Refsgaard et al., 2007; 
Sriananthakumar and Codner, 1992). 
 
The initial sensitivity analysis was conducted using random sampling, as the 
models are not computationally demanding (Helton et al., 2006). Initial 
minimum and maximum limits with a normal distribution (Freni and 
Mannina, 2010) were nominated for each of the parameters within MUSIC 
and XP-SWMM. For each parameter, ten random values were generated and 
each parameter was modified separately. In addition, the automated 
sensitivity analysis in XP-SWMM was also used to confirm the findings, with 
a variation of ±25%. This process identifies the most sensitive parameters 
within the model and thereby allowing calibration to focus on these 
characteristics (Blasone, Madsen and Rosbjer, 2008; Engel et al., 2007; Helton 
et al., 2006).   
                                                   
1 Parts of this section have been accepted for publication in: 
van der Sterren, M & Rahman, A 2011, ‘The impact of rainwater tanks on stormwater runoff from 
a single lot development in Western Sydney based on XP-SWMM modelling’, 34th IAHR Biennial 
Congress, 33rd Hydrology and Water Resources Syposium and 10th Conference on Hydraulics in Water 
Engineering, 26 June to 1 July 2011, Brisbane. 
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Figure 5-14 Rainwater Tank modelling procedure flow chart 
  
Quantity Calibration 
Sensitivity 
Analysis 
Quantity Uncertainty 
Analysis 
Rainfall 
Variation 
Quality Calibration 
Sensitivity 
Analysis 
Quality Uncertainty 
Analysis 
Rainfall 
Variation 
Validation 
M.F.E. van der Sterren   
157 
This was followed by calibration of all parameters with a focus on the most 
sensitive to least sensitive, one at a time. The results of the calibration were 
evaluated using the depth of run-off, volume and instantaneous peak flow 
from the catchment. In addition, evaluation statistics were used to compare 
the routed peak flows through the downpipe with measured flows. The 
relative error (k(Q)), square root error (f(Q)), the root mean square error 
(g(Q)) and Nash-Sutcliffe efficiency (E) (Nash and Sutcliffe, 1970) (Equation 
5-1, Equation 5-2, Equation 5-3 and Figure 5-4 respectively) were used to 
determine the goodness-of-fit. 
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Equation 5-4 
 
where E is the Nash-Sutcliffe efficiency (-), N is the number of data points (-), 
i is the index of the data point (-), Qs is the simulated discharge (L s-1) and Qo 
is the observed discharge (L s-1). 
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The levels within the tank recorded on a weekly basis were compared to the 
modelled tank levels using Equation 5-5 and Equation 5-6. 
 
      
          
  
   
 
 
Equation 5-5 
 
     
         
 
            
 
   
 
  
     
       
 
    
  
   
   
     
       
 
    
  
   
  
 
Equation 5-6 
 
where Lo is the observed level in the tank (m), Ls is the simulated level in the 
tank (m), N is the number of data points (-), and i is the index of the data 
point (-). 
 
The calibration was followed by a two-step verification analysis based on 
Kleidorfer et al. (2009). The rainfall data measured on-site was modified with 
a static error and a random error to specify the sensitivity of the model on 
this data. This was followed by 20 runs of limited Monte Carlo, all 
parameters were randomly generated and varied all at once. This allowed 
examination of the uncertainty in the calibrated model (Bates, Sumner and 
Boyd, 1993). 
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The procedure of sensitivity analysis, calibration and verification was 
repeated for the prediction of TP and TS in the RWT. The relative error (h(C)) 
was computed using Equation 5-11 and the absolute error (j(C)) with 
Equation 5-12 (Sriananthakumar and Codner, 1992). 
 
     
 
 
  
       
   
 
 
   
 
Equation 5-7 
 
     
 
 
   
       
   
  
 
   
 
Equation 5-8 
 
where N is the number of data points, i is the index of the data point, Co is the 
observed pollutant concentration (mg L1) and Cs is the simulated pollutant 
concentration (mg L1). 
Available and Collected Data 
The input data required to run the MUSIC model proved to be relatively 
difficult to compile. The data required for MUSIC is generally available in the 
Gold Coast City Council area (Brisbane City Council, 2003; Gold Coast City 
Council, 2006) and around the Melbourne area (Melbourne Water, 2004), but 
the data in the Sydney region is sparse and not easily available (Wainwright 
and Weber, 2007). 
 
Recently, SCA has written a draft training manual for developments in their 
catchment areas (Sydney Catchment Authority, 2009), but more work 
remains to be done. Therefore, following the recommendations made by the 
model developers, default values (for the rainfall threshold, initial depth of 
groundwater, daily recharge, daily base flow and daily seepage) were used 
as a starting point in this study for the MUSIC model.  
 
The initial input parameters were based on data measured on-site, such as 
the diameter of the tank and published literature. The initial input data for 
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XP-SWMM is provided in Table 5-19, Table 5-20 and Table 5-21, and for 
MUSIC in Table 5-22 and Table 5-24. 
 
Table 5-19 Initial input data constraints of run-off parameters for XP-
SWMM 
Parameter Unit Minimum Maximum Site/Literature 
Roof area m2 140 150 Site 
Slope roof % 0 0.35 Site 
% Impervious % 75 100 Estimated 
Laurenson’s B - 0.00005 0.0010 (Aitken, 1973, 1975; 
Goyen, 2000)  
Laurenson’s n - -1 1 (Aitken, 1973, 1975; 
Goyen, 2000) 
Depression 
storage 
mm 0 2.4 Data analysis 
Manning’s n - 0.008 0.015 Literature 
 
Table 5-20 Initial Input data constraint of routing parameters for XP-
SWMM 
Parameter Unit Minimum Maximum Site/literature 
Gutter depth mm 0.1 0.5 Site 
Downpipe mm 70 90 Site 
Tank area m2 2 3 Site 
Downpipe slope % 0 8 Site 
Downpipe Manning’s n - 0.008 0.014 Literature 
Overall tank depth m 1.7 1.8 Site 
Height overflow m 1.7 1.8 Site 
Diameter overflow mm 50 70 Site 
Slope Manning’s n - 0.008 0.014 Literature 
Water use L day-1 20 50 Water balance 
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Table 5-21  Initial run-off pollutants for XP-SWMM 
Parameter Unit Minimum Maximum Site/literature 
Days before simulation - 0 30 BOM website 
TS – a kg ha-
1 
1.520 4.330 Literature 
TS – b - 0.090 0.550 Literature 
Maximum build-up TS kg 0.50 19.0 Literature 
TP – a kg ha-
1 
0.092 0.410 Literature 
TP – b - 0.100 0.710 Literature 
Maximum build-up TP kg 0.236 0.289 Literature 
TS – k - 0.48 0.72 -,- 
TS – wash-off exponent - 0.5 3 Manual 
TP – k - 0.17 0.71 Literature 
TP – wash off exponent - 0.5 3 SWMM 
Manual 
TS removal % 0 100 estimate 
TP removal % 0 100 estimate 
 
Table 5-22 Parameters for the calibration of run-off and routing in 
MUSIC 
Parameter Unit Minimum Maximum Site/literature 
Roof area Ha 0.0135 0.0150 Site 
Impervious % 90 100 Literature 
Rainfall Threshold mm day 
-1 
0 5 Literature 
Translation min not 
modelled 
12 Literature 
Pervious Parameters varies not 
modelled 
defaults Literature 
Groundwater Varies not 
modelled 
default Literature 
Evaporation mm not 
modelled 
measured BOM 
Low flow bypass m-3 s-1 0 0.001 Site 
High flow bypass m-3 s-1 0.001 0.25 Site 
Volume below 
overflow 
kL 3.627 4.433 Site 
Depth above 
overflow 
mm 0 0.2 Site 
Surface Area of tank m2 2.07 2.53 Site 
Diameter Overflow mm 50 70 Site 
Daily Demand kL day-1 0.020 0.035 Water balance 
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Table 5-23 Parameters for the calibration of TP in the overflow of the 
tank in MUSIC modelling 
Parameter Unit Minimum Maximum Site/literature 
Baseflow – TP 
mean log mg L-1 0 -0.82 (Duncan, 1999; 
Fletcher et al., 
2004)  
standard 
deviation 
log mg L-1 0 0.19 (Duncan, 1999; 
Fletcher et al., 
2004) 
Stormflow – TP 
mean  log mg L-1 -1.222 -0.523 (Duncan, 1999; 
Fletcher et al., 
2004) 
standard 
deviation 
log mg L-1 0 0.5 (Duncan, 1999; 
Fletcher et al., 
2004) 
 
Model Representation and Assumptions 
In the XP-SWMM model, it was assumed that Goyen’s (2000) method is the 
most suitable for modelling continuous run-off. The time area method could 
not be utilised as the minimum input (5 min) for the time of concentration (tc) 
was greater than the actual time of concentration (tc = 1.5 min). Furthermore, 
it was assumed that the data presented in the literature for roof run-off is 
representative of the site run-off concentration in this study (Coombes and 
Barry, 2006; Goyen, 2002; Mitchell, Mein and McMahon, 2001). In addition, 
the removal/settlement was represented by a percentage removal to 
promote more efficient calibration. In the MUSIC model, it was assumed that 
run-off from a roof can be modelled utilising the rainfall threshold and 
default previous parameter for sensitivity analysis. It was assumed that 
calibration process modified these input data to represent the actual site 
characteristics. Stratification is only likely to occur after a longer antecedent 
dry period; therefore, both models assumed that the RWT can be modelled as 
a continuously stirred or completely mixed tank (Chapra, 1997; James, 1993).  
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Model Sensitivity Analysis 
The water quantity sensitivity analysis revealed that XP-SWMM is extremely 
sensitive to roof area, Manning’s n for roof, downpipe and overflow, slope of 
roof and impervious area. Downpipe diameter, water use, Laurenson’s 
(1964) B and n values, and slope showed some sensitivity, whilst tank area 
and gutter depth had little to no effect on flow rate or volume in the tank. 
The quality component is sensitive to build-up parameters, the wash-off 
coefficient and the initial concentration in the RWT.  
 
A similar analysis identified that MUSIC is extremely sensitive to roof area 
and percentage impervious. The water quality sensitivity analysis revealed 
that only TP could be calibrated, as MUSIC does not compute the water 
quality data in the tank, only what is flowing out of the tank. As no overflow 
data was available in the pilot study for TN and TSS, only TP was calibrated 
in MUSIC. The sensitivity analysis also showed that MUSIC is extremely 
sensitive to the stormwater flow characteristics of the pollutant and only 
slightly sensitive to the base flow characteristics of TP. 
Model Calibration and Uncertainty Analysis 
The RWT models were calibrated using the optimal parameters set that 
minimises Equation 5-1, Equation 5-2, Equation 5-3, Equation 5-4, Equation 
5-6, Equation 5-7, Equation 5-8 and maximises Equation 5-5. From the 
process of calibration and initial sensitivity analysis, the likely spread of the 
parameters was established. The uncertainty analysis was completed in XP-
SWMM and MUSIC by utilising randomly generated parameter sets for all 
the parameters within their estimated bounds and classified them as 
'behaviour' and 'non-behaviour' generating parameter sets (Stow et al., 2007). 
Here, 'behaviour' generating means results are within the expected range, 
whilst 'non-behavioural' generating parameter provide unacceptable results. 
Only 20 behaviour generating runs were conducted, but provided an 
indication of the variability of the model (see Table 5-24 for XP-SWMM in 
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Table 5-26 for MUSIC). In XP-SWMM, the impervious area was set at 100% 
and no losses were assigned to the modelling program, as both of these 
created non-behaviour generating results. The remainder of the parameters 
were varied and example distributions are shown in Figure 5-15 to Figure 
5-17 (more distributions are shown in Appendix F.II.c.i). 
 
Table 5-24 Behaviour generating parameters for a lot scale RWT model 
in XP-SWMM 
Parameter Unit Minimum Maximum Calibration  σ 
Roof area m2 142 149 144 2 
Slope roof % 0.04 0.34 0.05 0.08 
Laurenson’s B - 0.00002 0.0009 0.0001 0.0002 
Laurenson’s n - 0.817 0.458 -0.285 0.262 
Manning’s n - 0.008 0.012 0.009 0.001 
Gutter depth mm 0.13 0.48 0.29 0.11 
Downpipe mm 70 90 80 4.58 
Downpipe slope % 0.01 7.77 3.6 2.08 
Downpipe 
Manning’s n 
- 0.008 0.014 0.009 0.002 
Tank Area m2 2.12 3.00 2.40 0.26 
Overall tank depth m 1.70 1.80 1.78 0.03 
Initial depth m 1.65 1.75 1.70 0.03 
Diameter overflow mm 50 70 60 6 
Overflow 
Manning’s n 
- 0.008 0.014 0.009 0.002 
Dry days prior - 0 14 19 3 
TS – a kg ha-1 2.61 4.33 0.110 0.003 
TSS – b - 0.535 0.54 0.15 0.004 
Max. build-up TS kg 0 19 0.2 0.02 
TP – a kg ha-1 0.1 0.11 0.6 0.006 
TP – b - 0.15 0.167 1 0.06 
Max. build-up TP kg 0 0.2 0.5 0.03 
TS – k - 0.58 0.6 1.5 0.06 
TS – wash-off 
exponent 
- 0.9 1.1 0.008  0.0002 
TP – k - 0.5 0.6 0.005 0.0001 
TP – wash-off 
exponent 
- 1.4 1.6 0.2 0.04 
TS removal % 0 0.08 0.35 0.03 
TP removal % 0 0.06 19 3 
TS initial mg L-1 0.2 0.35 0.110 0.003 
TP initial mg L-1 0.2 0.35 0.15 0.004 
 
M.F.E. van der Sterren   
165 
Table 5-25 Water use from tank versus tank depth and volume for the lot 
scale model 
Tank Depth 
(m) 
Tank volume 
(m3) 
Min. Use 
(L s-1) 
Max. Use 
(L s-1) 
Calibration 
0 - 0.005 0 – 0.012 6.35e-9 1.12e-7 5.00e-8 
0.005 - 1.5 0.012 – 3.6 1.17e-7 1.49e-7 1.50e-7 
1.5 - 1.6 3.6 – 3.84 1.52e-7 2.47e-7 1.75e-7 
1.6 – 1.79 3.84 – 4.30 2.18e-7 3.49e-7 2.00e-7 
>1.79  4.30 2.18e-7 3.49e-7 3.50e-7 
 
The results from these behaviour generating sets also yielded different 
solutions, which have been analysed. The peak run-off can be described as 
3.31 ± 0.24 L s-1, which is lower than the recorded peak of 5.48 L s-1. The total 
run-off volume was modelled as 17.8 ± 0.3 m3 (the measured was 
approximately 17.7 m3), with a Nash-Sutcliffe efficiency of 0.72. The 
manually calculated instantaneous peak is 3.84 Ls-1, whilst the modelled 
instantaneous peak was 4.34 ± 0.12 L s-1. The relative error in the TP load 
through the overflow was 71% and the relative error for TS through the 
overflow was 31%. The TS modelled within the tank had a relative error of 
 -7% and the TP modelled within the tank had a relative error of -70%. The 
errors associated with modelling water quality are often considered 
acceptable if the general trend of the pollutants within the system are 
replicated and higher errors are often deemed acceptable. The absolute errors 
for the TS were 1.29 mg L-1 and 1.06 mg L-1 in the tank and overflow 
respectively. The error for TP was 0.97 mg L-1  and 0.71 mg L-1 in the tank 
and overflow respectively. The distribution of these results are shown in 
Figure 5-18 to Figure 5-20. 
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Figure 5-15 Distribution of behaviour and non-
behaviour generating catchment areas in XP-
SWMM (randomly generated)  
Figure 5-16 Distribution of behaviour and non-
behaviour generating gutter depth in XP-SWMM 
(randomly generated) 
Figure 5-17 Distribution of behaviour and non-
behaviour generating downpipe diameter in XP-
SWMM(randomly generated)  
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Figure 5-18 Distribution of the peak flow 
resulting from the behaviour generating sets in 
XP-SWMM 
Figure 5-19 Distribution of the peak TS 
loading in the tank resulting from the behaviour 
generating sets in XP-SWMM 
Figure 5-20 Distribution of the peak TP 
loading in the tank resulting from the behaviour 
generating sets in XP-SWMM 
The behaviour generating data sets computed various 
peak flows, which are plotted in the boxplot. The IQR is 
only 0.75 L s-1, which is to be acceptable in computer 
modelling. 
The behaviour generating sets computed various TN 
loadings, which are plotted in the boxplot. The IQR 
ranges from 0.85 to 0.90, which may be regarded as a 
minor variation. 
The behaviour generating sets computed various TN 
loadings, which are plotted in the boxplot. The IQR 
ranges from 0.260 to 0.280, which may be regarded as a 
minor variation. 
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The impervious area and the low flow bypass in MUSIC were set as 
constants on a 100% and 0.00 m3 s-1, respectively, as all other values created 
non-behaviour generating results. The remainder of the parameters were 
varied as shown in Table 5-26 and the distributions of some of the 
parameters are shown in Figure 5-21 to Figure 5-23 on the following pages 
(see Appendix F.II.c.ii for all parameters). 
 
Table 5-26 Behaviour generating parameters for a lot scale RWT model 
in MUSIC 
Parameter Unit Min Max Calibration σ 
Roof area ha 0.0120 0.0200 0.0140 0.0015 
Rainfall threshold mm day -1 0 4.8 0.2 1.29 
Translation min 0 6 0 3 
High flow bypass m3 s-1 0.001 0.200 0.2 0.057 
Volume below overflow kL 3.63 4.43 4.03 0.13 
Depth above overflow m 0.01 0.50 0.10 0.08 
Surface area of tank m2 2.3 3.5 3.0 0.4 
Diameter overflow mm 50 70 65 3.7 
Daily demand kL day-1 0.020 0.028 0.028 0.002 
Baseflow (TP) µ log mg L-1 -0.82 0 -0.319 0.169 
Baseflow (TP) σ log mg L-1 0.00 0.19 0.01 0.05 
Stormflow (TP) µ log mg L-1 -0.886 -0.523 -0.523 0.169 
Stormflow (TP) µ log mg L-1 0.25 0.47 0.30 0.08 
 
The maximum peak run-off resulting from the behaviour generating sets can 
be described as 2.68 ± 0.45 L s-1 (see Figure 5-24, on page 170), which was 
very different to the recorded six-minute maximum peak run-off of 
14.2 ± 0.31 L s-1. The volume modelled in MUSIC on the other hand was very 
similar to the measured volume of 17.7 m3. MUSIC predicted a volume of 
20.8 ± 3.8 m3, with a Nash-Sutcliffe efficiency of 0.982. The modelled peak TP 
load through the overflow was 0.27 ± 0.03 mg L-1 and the measured peak TP 
load was 0.3 mg L-1 and a relative error of 36% (see Figure 5-25, on page 170), 
which is a good match.  
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Figure 5-21 Distribution of behaviour and non-
behaviour generating catchment areas in MUSIC 
(randomly generated)  
Figure 5-22 Distribution of behaviour and non-
behaviour generating rainfall threshold in 
MUSIC (randomly generated)  
Figure 5-23 Distribution of behaviour and non-
behaviour generating mean of TP Baseflow in 
MUSIC (randomly generated) 
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Figure 5-24 Distribution of the peak flow resulting from the behaviour 
generating sets in MUSIC 
Figure 5-25 Distribution of the peak TP loading through the overflow 
resulting from the behaviour generating sets in MUSIC 
 
The behaviour generating data sets computed various peak flows, which are plotted 
in the boxplot. The IQR is only 1 L s-1, which is considered to be acceptable in 
computer modelling. 
 
The behaviour generating sets computed various TP loadings, which are plotted in the 
boxplot. The IQR ranges from 0.22 to 0.34, which maybe considered a minor variation. 
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As a final sensitivity test the rainfall data was first varied with a static error 
of ±30% and then modified with a random error (Kleidorfer et al., 2009). The 
three rainfall data sets were used as inputs into the calibrated models and 
were based on Equation 5-9 (Kleidorfer et al., 2009). 
 
             , Equation 5-9 
 
where inew is the rainfall in mm with the random error or static error 
included, i is the recorded rainfall in mm, εs is the static error (0.7 or 1.3) and 
εr is the random error. 
 
The error in the rainfall caused some variation in the discharge rate, volume 
and peak load of TP computed through the models. In the MUSIC model, the 
random error in the rainfall caused the greatest variation in the modelled 
results around the peak discharge rate and the peak TP loading, whilst the 
static error contributed significantly to the error around the run-off volume. 
Therefore, it can be noted, that a variation of rainfall of 30% or a random 
error causes the peak discharge to be modelled as 2.33 ± 2.34 L s-1, the peak 
TP load to be 0.24 mg L-1 ± 0.11 mg L-1 and the volume to be 18.9 ± 6.42 m3. 
The variation in the run-off caused by the induced rainfall error is shown in 
Figure 5-26 and Figure 5-27 on page 172. The variation in the water levels of 
the tank is shown in Figure 5-28 and Figure 5-29 on page 173, whilst the 
variation in the TP loading in the overflow is shown Figure 5-30 and Figure 
5-31 on page 174.  
 
The figures indicate that the static error induced an under estimation (-30% 
error in rainfall) or an overestimation (+30% error in rainfall) in the 
discharge, water levels and TP concentrations. The random error in the 
rainfall, on the other hand, slightly overestimated the run-off and the TP 
loading, but had minimal effect on the water levels in the tank. 
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Figure 5-26 Error in the modelled run-off in MUSIC due to assumed 
random error in the rainfall data 
Figure 5-27 Error  in the modelled run-off in MUSIC due to static 
assumed error in the rainfall data 
The measured rainfall was modified to include a random error. The scatter plot shows 
the calibrated run-off versus the run-off with a random error in the rainfall. The 
equivalent ratio (1:1) is shown and the scatterplot indicate over and under estimations 
of the actual flow. 
The measured rainfall was modified to include a static error and shows a clear over 
and under estimation as a result of a positive and negative error in the data set. 
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Figure 5-28 Error in modelled water level in MUSIC due to assumed 
random error in the rainfall data 
Figure 5-29 Error in modelled water level in MUSIC due to assumed 
static error in the rainfall data 
The measured rainfall with a random error was used in the MUSIC model. The 
modelled water levels are plotted in this scatter plot against the calibrated water levels 
and show a relation close to the 1:1 ratio. This indicates robust water level modelling 
even if a reasonable random error is present in the rainfall. 
The measured rainfall with s static error was used in the MUSIC model. The modelled 
water levels are plotted against the calibrated water levels. The scatter plot show 
minimal disturbance in water levels for over estimated rainfall (+ 30 %), but a greater 
variation for under estimated rainfall (- 30 %). 
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Figure 5-30 Error in modelled TP loading in MUSIC due to assumed 
random error in the rainfall data 
Figure 5-31 Error in modelled TP loading in MUSIC due to assumed 
static error in the rainfall data 
The induced random error rainfall was used to model the TP loading and the peaks 
are plotted against the calibrated loading. The TP loadings are on average over 
estimated in comparison to the calibrated loading. 
The induced static error rainfall was used to model the TP loading and the peaks are 
plotted against the calibrated loading. As expected, an over estimation in the rainfall is 
shwn to over estimate the loading and an under estimated rainfall is seen to under 
estimate the loads. 
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In the XP-SWMM model, the error in the rainfall also influenced the 
discharge and volume, as expected. The random error in the rainfall caused 
the greatest variation in the modelled results around the peak discharge rate, 
whilst the static error contributed significantly to the error around the run-off 
volume. Therefore, it can be noted, that a variation of rainfall of 30% or a 
random error causes the peak discharge to be estimated as 3.89 ± 1.50 L s-1 
and the volume to be 21.0 ± 7.06 m3.  
 
The results showed that a -30% error in the rainfall underestimates the 
discharge into the tank, on the other hand a +30% error in the rainfall over 
estimated these discharges. The -30% error in the rainfall also influenced the 
water level within the tank and the overflow volume. The random error and 
the +30% error in the rainfall both overestimated the run-off and overflow 
discharge, but had a minimal effect on the water levels in the tank. 
 
The error in the rainfall had a minimal impact on the build-up and wash-off 
of the pollutants. The loads on the roofs are governed by antecedent dry 
periods and these loads are relatively independent rainfall, as error in the 
rainfall still provided acceptable results. As the volume of run-off from the 
roofs increased, more dilution occurred within the RWT, but due to the 
limited increase in volume, large difference in dilutions were not evident. 
This shows that the build-up, wash-off and concentration of pollutants in the 
RWT and overflow were not sensitive to moderate errors in the recorded 
rainfall. 
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Figure 5-32 Error in the modelled run-off in XP-SWMM due to 
assumed random error in the rainfall data 
Figure 5-33 Error in the modelled run-off in XP-SWMM due to 
assumed static error in the rainfall data 
The measured rainfall was modified to include a random error. The scatter plot shows 
the calibrated run-off versus the run-off with a random error in the rainfall. The 
equivalent ratio (1:1) is shown and the scatterplot indicate over and under estimations 
of the actual flow. 
The measured rainfall was modified to include a static error and shows a clear over 
and under estimation as a result of a positive and negative error in the data set. 
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Figure 5-34 Error in modelled water level in XP-SWMM due to assumed 
random error in the rainfall data 
Figure 5-35 Error in modelled water level in XP-SWMM due to 
assumed static error in the rainfall data 
The measured rainfall with a random error was used in the XP-SWMM model. The 
modelled water levels are plotted in this scatter plot against the calibrated water levels 
and show a relation close to the 1:1 ratio. This indicates robust water level modelling 
even if a random error is present in the rainfall. 
The measured rainfall with s static error was used in the XP-SWMM model. The 
modelled water levels are plotted against the calibrated water levels. The scatter plot 
show minimal disturbance in water levels for over estimated rainfall (+ 30 %), but a 
greater variation for under estimated rainfall (- 30 %). 
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Figure 5-36 Error in modelled TSS loading in XP-SWMM due to 
assumed static and random error in the rainfall data 
Figure 5-37 Error in modelled TP loading in XP-SWMM due to 
assumed static and random error in the rainfall data 
The induced random error rainfall was used to model the TP loading and the peaks 
are plotted against the calibrated loading. The TP loadings are on average over 
estimated in comparison to the calibrated loading. 
The induced static error rainfall was used to model the TP loading and the peaks are 
plotted against the calibrated loading. As expected, an over estimation in the rainfall is 
shwn to over estimate the loading and an under estimated rainfall is seen to under 
estimate the loads. 
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Model Validation 
The final step in the modelling process of the RWT pilot model was to do a 
proxy-basin test. The model parameters were modified with the measured 
data from Site 2 (Table 5-27 and Table 5-28). The remainder of the parameters 
were set at their calibrated values. 
 
Table 5-27 XP-SWMM Site 2 measured input data 
Parameter Unit Value Site or Water Balance 
Roof area m2 160 Site 
Slope roof % 0.30 Site 
Gutter depth mm 0.065 Site 
Downpipe mm 80 Site 
Tank area m 6.16 Site 
Overall tank depth m 2.220 Site 
Height overflow m 2.210 Site 
Diameter overflow mm 50 Site 
Water use L day-1 0 Site and water balance 
Initial depth m 1.950 Site 
 
Table 5-28 MUSIC Site 2 measured input data 
Parameter Unit Value Site or other 
Roof area ha 0.011 Site 
High flow bypass m3 s-1 0.116 Calculated (>0.05 m3 s-1) 
Volume below overflow kL 13.6 Site 
Depth above overflow m 0.01 Site 
Surface area of tank m2 3.1 Site 
Diameter overflow mm 90 Site 
Daily demand kL day-1 0 Site 
 
As there is an error in the recorded flow on Site 2, only the trend can be 
examined for the evaluation of the proxy-basin test. To test if the modelled 
run-off data has a similar trend as the measured data, Equation 5-3 on page 
157 should be as close to zero as possible. The MUSIC model showed that 
root mean square error (g(Q)) is equal to 0.361 (see Equation 5-3), which is a 
good result as the calibrated model only had a root mean square error (g(Q)) 
of 0.261. 
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The XP-SWMM model showed a 12.3% error in instantaneous modelled peak 
versus manually calculated peak. In addition, the total run-off volume shows 
a 3.8% error in comparison to the computed run-off for this proxy basin test, 
which seems to be within accepted variability. 
 
The water levels were recorded for both sites and the usage either estimated 
or recorded. The users at Site 2 did not use the rainwater throughout the 
pilot study period. MUSIC does not allow an initial water depth to be set in 
the tank, and therefore, the MUSIC model does not show any variation in 
depth. The XP-SWMM model, on the other hand, allows an initial depth to 
be set within the tank and the water level was modelled with root mean 
square error of 0.025. Due to an error in the overflow collection device, no 
water quality results are available for the overflow and, therefore, the TP 
loading through the overflow cannot be tested for the proxy-basin test for 
MUSIC. In regards to XP-SWMM, as it does model the quality within the 
tank, a comparison of these data sets is possible. The water quality in the 
RWT of Site 2 for TP and TS was measured and the model predict the trend 
of TS with an absolute error of 0.11 mg L-1 (44%), whilst the trend for TP 
shows an absolute error of 0.19 mg L-1 (130%). It is evident that the 
calibration for Site 1 is validated with reasonable accuracy with the model for 
Site 2. 
5.5.2.4 Discussion  
An OSD system and a RWT were modelled to assess the suitability and user 
friendliness of DRAINS, MUSIC and XP-SWMM for this research study. It 
was found that the input data for MUSIC is unconventional and difficult to 
compile utilising the data values reported in the literature, whilst the input 
data for DRAINS and XP-SWMM are more readily available for Western 
Sydney. In addition, the analysis of the modelling results was easier for the 
event driven models than for the continuous models. The exporting methods 
vary significantly among the models and DRAINS has a clipboard exporting 
function that converts the results from DRAINS into an Excel spreadsheet. 
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Exporting the results for XP-SWMM is more cumbersome as it exports the 
data in one long list with the last column detailing the data type. The 
exporting and analysis of results were easier for MUSIC than for XP-SWMM 
as it exports the data into Excel per characteristic via a copy and paste 
function. On the other hand, the graphical interface for XP-SWMM shows 
multiple storm events and characteristics simultaneously, whilst MUSIC and 
DRAINS have limited information on their graphs. This clearly shows that 
there are several items that should be considered under the user friendliness 
of the programs. 
 
The models were also developed to assess the suitability of the programs for 
modelling the results from the longitudinal cross-sectional water quality and 
quantity study. The OSD model identified that there were only limited 
differences between the hydrology results of both models. Any differences 
between the program results are attributed to the modelling structure and 
back water level within the model. Both programs utilise similar methods, 
but small differences are common and as expected between two programs 
modelling the same system (Joliffe, 1984; O'Loughlin and Stack, 2006; XP 
Software, 2007b). 
 
The RWT model was developed in MUSIC and XP-SWMM only, as DRAINS 
cannot model water quality or time of concentrations less than five minutes. 
The time area method could not be used in XP-SWMM as it was for both sites 
lower than 5 min, but Goyen’s (2000) method could be used. Time steps are 
considered critical, especially for RWT, which need to be modelled at a sub-
daily interval (Coombes and Barry, 2006). The RWT was modelled as a 
continuously stirred tank and both programs modelled the run-off quality 
and quantity. The Nash-Sutcliffe efficiency of the calibrated models were 
0.982 for MUSIC and 0.72 for XP-SWMM, which appear to be acceptable 
results.  
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The data for Site 2 showed using the proxy-basin test that comparable results 
are obtained, validating the calibration. The developed model in both 
programs is only valid within the range of their respective input data 
characteristic shown in Table 5-24 and Table 5-26. The results point to the fact 
that modelling is and remains an estimation within defined boundaries 
(Boschetti, Grigg and Enting, 2010) and parameter sets (Walton and Hunter, 
2009).  
 
This modelling exercise also ensured that the selected procedure (Blasone, 
Madsen and Rosbjer, 2008; Kleidorfer et al., 2009) and quality assurance 
procedure, developed by Engel et al. (2007) and Refsgaard et al. (2006; , 2007) 
can be utilised confidently in the full year study. 
 
The results of the initial calibration and validation in XP-SWMM indicate 
that roof run-off modelling and lot scale RWT modelling can be conducted 
with Goyen’s (2000) method. The results show that the volume of run-off and 
volume in the tank can be modelled within a reasonable accuracy. The 
sensitivity analysis indicated that catchment area, Manning’s n, slope of 
catchments and percentage impervious are the most sensitive parameters. As 
the catchment area and percentage impervious are considered measureable, 
the slope and Manning’s n are considered the two governing calibration 
parameters followed by the B and n values in Goyen’s (2000) method. The 
proxy-basin validation test showed that good results can be obtained by 
using Goyen’s (2000) method, a Manning’s n of 0.009 for different site 
characteristics. It should be noted that the time step is to be set at 15 seconds 
(s) to minimise fluctuations in the modelling results.  
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The XP-SWMM model for both Site 1 and Site 2 shows a reduction in 
discharges when a rainwater tank is utilised. Figure 5-38 below shows that 
both Site 1 and Site 2 have a reduction in overflow discharges in comparison 
to run-off into the tank. Some of the results seem to indicate a higher 
discharge (to the left of the dotted line in Figure 5-38), but this is attributed to 
lagging of the flows through the RWT. Overall, approximately 80% of the 
discharge rates through the overflow are less than the inflow into the RWT. 
This indicates that a RWT could slow down discharge rates of a low ARI to a 
more sustainable level.  
 
Figure 5-38 Comparison of inflows into Tank 1 and Tank 2 versus the 
overflow discharges out of Tank 1 and Tank 2 
The figure shows the reduction in discharge from the roof if a RWT is installed and used. As can be 
seen from the figure, the more the RWT is used the larger the reduction in discharge from the roof is, 
as expected (Site 1 is closer to the x-axis than Site 2). 
 
This reduction is not evident for Site 2 in the MUSIC model as no initial 
depth within the tank can be identified. The MUSIC manual suggest using a 
5-year pre-run period to ensure the boundary conditions are reached  (Wong 
et al., 2005). This is, however, not possible with a small data set. 
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5.5.2.5 Conclusion  
Three commercially available stormwater modelling software packages have 
been evaluated, namely DRAINS, MUSIC and XP-SWMM. DRAINS and XP-
SWMM are commonly used programs and both have been shown to be 
suitable for stormwater quantity modelling on a lot scale utilising the design 
storm approach. There are limitations to both models such as exporting 
processes (XP-SWMM), graphical representation (DRAINS) and run-off 
routing minimal time of concentration (both). Both models give similar 
results but XP-SWMM has multiple run-off routing options. 
 
MUSIC and XP-SWMM were compared in regards to water quality and 
continuous modelling. MUSIC is relatively easy to use, but the input 
parameters can be difficult to define and it does not include detailed 
hydraulic modelling. XP-SWMM is more difficult to apply in regards to 
water quality than MUSIC, but an initial depth can be set for the tank, which 
is not possible in MUSIC. XP-SWMM is also more detailed in regards to 
hydrological and hydraulic modelling. Both models have been calibrated for 
a RWT in Western Sydney and Table 5-29 and Table 5-30, on page 186, give 
the range of parameters that could be deemed suitable for RWT in the same 
region, where no other data is available.  
 
Table 5-29 Proposed MUSIC input parameters for RWT modelling in 
Western Sydney 
Parameter Unit Min Max Calibration σ 
Rainfall Threshold mm day -1 0 4.8 0.2 1.29 
Translation min 0 6 0 3 
Baseflow (TP) µ log mg L-1 -0.82 0 -0.319 0.169 
Baseflow (TP) σ log mg L-1 0.00 0.19 0.01 0.05 
Stormflow (TP) µ log mg L-1 -0.886 -0.523 -0.523 0.169 
Stormflow (TP) σ log mg L-1 0.25 0.47 0.30 0.08 
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The outputs of DRAINS were similar to XP-SWMM, but DRAINS does not 
include any quality modelling. MUSIC would have to be implemented 
together with DRAINS to ensure water quality could be modelled. MUSIC is 
easier to implement than XP-SWMM, if data is readily available for the area. 
XP-SWMM was chosen as the model for the longitudinal cross-sectional 
study, as it contains both quality and quantity modelling and sufficient data 
is available to calibrate the model. XP-SWMM also has an alternative routing 
method and therefore Goyen’s (2000) method can be used. In addition, it has 
better hydraulic computations than MUSIC and can be implemented on a 
design and continuous storm events models. 
 
Table 5-30 Proposed XP-SWMM input parameters for RWT modelling in 
Western Sydney 
Parameter Unit Minimum Maximum Calibration 
parameter  
σ 
Laurenson’s B - 0.00002 0.0009 0.0001  
Laurenson’s n - 0.817 0.458 -0.285  
Manning’s n - 0.008 0.012 0.009  
Days before 
simulation 
- 8 14 14 2 
TS – a kg 
ha-1 
4.004 4.300 4.330 0.094 
TS – b - 0.536 0.540 0.536 0.001 
Maximum build-
up TS 
kg 11 25 19 3 
TP – a kg 
ha-1 
0.102 0.110 0.110 0.003 
TP – b - 0.150 0.164 0.15 0.004 
Maximum build-
up TP 
kg 0.181 0.247 0.2 0.02 
TS – k - 0.582 0.6 0.6 0.006 
TS – wash-off 
exponent 
- 0.91 1.09 1 0.06 
TP – k - 0.5 0.595 0.5 0.03 
TP – wash off 
exponent 
- 1.41 1.59 1.5 0.06 
TS removal % 0.0008 0.008 0.008 0.0002 
TP removal % 0.0001 0.005 0.005 0.0001 
TS initial  0.17 0.34 0.2 0.04 
TP initial  0.22 0.35 0.35 0.03 
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5.6 Water Balance 
The quantity results from both sites also indicated that the run-off coefficient 
for the roofs is not 80% as is assumed in most water balance studies and peak 
run-off calculations (Barton and Argue, 2009; Becciu and Paoletti, 1997; 
Boughton, 2005; Brodie, 2008; Dhakal et al., 2010; Ghisi, Tavares and Rocha, 
2009; Gottschalk and Weingartner, 1998; Hotchkiss and Provaznik, 1995; 
Khastagir and Jayasuriya, 2010b; van Olmen, 2009; Ward, Memon and Butler, 
2010a). Others have found for catchment wide run-off, coefficients as low as 
0.43 (Luo et al., 2009). The volumetric run-off coefficients of the roofs vary in 
regards to the rainfall intensity and are below 50% for Site 1 (see Table 5-31). 
Run-off coefficients are likely to be affected by the roof and downpipe 
configuration. 
 
Table 5-31 Calculated volumetric run-off coefficients for site 1 
ARI (1 in x) Intensity (mm hr-1) Site 1 (-) 
<1 2.4 0.01 
<1 4.8 0.12 
<1 7.2 0.57 
<1 12 0.54 
 
The overall rainfall and run-off quantity was analysed at a weekly, daily, 
five-minute and one-minute time interval scales to allow for the preparation 
of a daily water budget and the use of the rainfall data in the model shown in 
Section 5.5.2.4. The water balance for both sites was prepared for weekly and 
daily time steps. The conventional water balance Equation 5-10 was used 
(Butler and Davies, 2000).  
 
      , Equation 5-10 
 
where ΔS is the change in storage, I is the inflow and O in the outflow 
volume. All of these are expressed in litres (L). 
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The change in storage was known on a weekly basis as the water depth was 
recorded on sampling days. The equation used to determine the storage is 
Equation 5-11 (Finney, Weir and Giordano, 2001). 
 
        
 , Equation 5-11 
 
where St is the storage volume at week t, Ht is the water level at week t and r 
is the radius of the tank. 
 
The inflow was measured by the flowmeter, which was converted to Litres 
(L) per week or day. As the flowmeter was faulty for site 1 the results from 
Equation 5-12 were used for the inflow volume (Butler and Davies, 2000). 
 
   
  
    
        , Equation 5-12 
 
where the inflow (It) at time t is expressed (m3) as the rainfall it in mm, the 
area (m2) of the roof (Aroof) and the run-off coefficient (C). The run-off 
coefficients were based on the averages from the data in Table 5-7. 
 
The outflow was estimated and calculated, where possible. Site 2 did not 
utilise the tank for the study period, resulting in all outflows occurring 
through the overflow. Site 1, however, did utilise the tank and the Excel 
spreadsheet was coded to accurately estimate use and overflow. This can be 
expressed by Equation 5-13. 
 
                  
            
                      
                    
 , 
Equation 5-13 
 
where Ot is the outflow at time t, Ouse is the usage volume and Oover is the 
overflow volume. The water use from the tank was estimated using the first 
two parts of the equation. This result was averaged and used as an input for 
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the third part of the equation to determine the volume of overflow. The 
water balance for both sites for a weekly and daily time step are included on 
the CD titled ‘Data’ and the associated calibration plots are provided in 
Appendix E.IV. 
 
The water quantity budget for both sites in regards to the pilot study 
confirmed that the usage rates can be estimated from the collected data. The 
estimated usage rate for Site 1 is calculated to be 118 L per week, which 
equates to 28 L day-1. This was significantly lower than the expected use 
estimated from the published usage rates (Aitken, Duncan and MacMahon, 
1991; Duncan and Mitchell, 2008; Sydney Water, 2010b). The equations 
provided by Duncan and Mitchell (2008) estimated the use at Site 1 between 
123 and 242 L day-1. This estimate is based on toilet, tap and shower use for 1 
to 2 people. Aitken, Duncan and MacMahon (1991) utilised net improved 
value of the house and the number of residents to estimate the consumption. 
It is assumed that the net improved value of the household is 5,000 
Australian dollars per year for Site 1, resulting in an estimation of 306 L day-
1. It should be noted that the household does not include a washing machine 
and all dishes are done by hand, which may explain the difference with the 
Sydney Water (2010b), Aitken, Duncan and MacMahon (1991) and Duncan 
and Mitchell (2008) estimations. Sydney Water (2010b) found that Sydney 
siders use an average 329 L day-1 of water, which is significantly higher than 
Site 1. The recorded water use is notably smaller than the expected water use 
and is explained by the busy schedules of the inhabitants, as well as their 
water saving methods, such as short showers, minimal dishes and 
minimising toilet flushing.  
 
The usage rates for Site 2 were recorded by the participants and they 
recorded no irrigation for the period. The flowmeter showed significant error 
after analysis and it was found that a volumetric run-off coefficient method, 
as defined in Table 5-31, was the most suitable method of estimating the run-
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off from the roof into the tank. The volumetric run-off coefficient used for the 
weekly water balance was 0.3 and for the daily water balance the computed 
run-off coefficient from Site 1 water balance were used (Table 5-31). The error 
between the measured and modelled volumes is due to a variation in the 
run-off coefficient. From the results of the pilot study, it was confirmed that 
the rainfall and flow data needed to be recorded at a five-second time step, 
due to the fast response from the roof run-off and literature confirmed this 
finding (Chapman and Salmon, 1996). The data indicated that a lag of 5 to 10 
minutes could be expected. The resolution of a five-second recording interval 
would ensure this lag would be recorded and confirmed.  
5.7  Summary 
This chapter has detailed the research design adopted in this research 
project, which consists of three major components: (1) pilot study, (2) 
longitudinal cross-sectional research study and (3) final outcomes. It was also 
shown that Human and Bioethics were adhered to for the protection of all 
involved in the research. Two minor issues did occur, but were resolved 
within the ethical guidelines according to policy and ethics approval. 
 
The study area selected is North Richmond in HCC and it has been shown 
that the area is undergoing significant developments. Eight testing sites were 
selected, which are all located within the surrounding areas and include five 
RWT, two OSD systems and the catchment’s outlet. 
 
The second part of this chapter discussed the methods and implications of 
the pilot study and how these results could influence the final longitudinal 
cross-sectional study. The pilot study provided significant guidance for the 
longitudinal cross-sectional research. The water quality and quantity testing 
indicated that some of the methods had to be altered to achieve the best 
outcome. The initial methods were, therefore, revised and modified to 
achieve more reliable results. It was also identified that significant changes 
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had to be made to the testing schedule due to time and resource constraints. 
No significant results were obtained for TP, lead, sulphate or cadmium. After 
careful analysis of the data and methods, it was decided that a method with 
lower detection limits was to be utilised for the full year study for measuring 
TP and lead, and that cadmium and sulphate would be removed from the 
testing schedule. The continuous results confirm that DO, pH and 
conductivity, and TDS are dependent on the outside temperature in the tank. 
It  was also confirmed that the water quality probes provide reasonable 
results as the grab samples of the tank water corresponded with the 
continuous readings for conductivity, temperature, pH and DO. 
 
The results of the modelling pilot study showed that most results were 
agreeable, but that due to the requirements of the thesis both DRAINS and 
MUSIC are to be used as a combined unit or XP-SWMM by itself. It was 
evident from these modelling exercises that XP-SWMM was more flexible, 
allowed for a better representation of the quantity component than MUSIC, 
and provided more flexibility for modelling water quality and quantity than 
MUSIC or DRAINS. Therefore, XP-SWMM is used for the lot and catchment 
scale study, as discussed in this chapter and Chapter 7. 
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Chapter 6 Cross-sectional , Longitudinal Water 
Quality and Quantity Study 
6.1 Introduction 
The previous chapters have highlighted the need for water quality and 
quantity data for modelling of Rainwater Tanks (RWT) and On Site 
Detention (OSD) systems in Western Sydney. Data was gathered from a 
number of sites as detailed in Chapter 5. This chapter discusses the 
methodology utilised throughout the cross-sectional longitudinal study for 
testing the water quality and quantity on these sites, followed by a summary 
of the test results and the statistical analysis of the different samples. The 
water quality results are compared to the Australian Drinking Water Quality 
Guidelines (2004) and Fresh and Marine Water Quality Standards (2000a, 
2000b) and the Recycled Water Guidelines (2009) (ADWG, AFWG and RWG 
respectively), whilst the water quantity results are analysed to obtain the 
specific Average Recurrence Interval (ARI), run-off coefficients and 
antecedent dry period for the period of testing. The implications of the 
results on the RWT users and the receiving waters are discussed in Section 
6.4 and summarised in Section 6.5. 
6.2 Methodology 
6.2.1 Water Quality & Quantity Monitoring Plan 
6.2.1.1 Water Quality Grab Samples 
The cross-sectional longitudinal study (see section 0) was conducted on five 
RWT at four sites (see section 5.4.4), a stormwater outlet (see section 5.4.3) 
and a residential discharge control pit for OSD (see 5.4.5). The tank sites were 
sampled weekly and on the same day the stormwater and discharge control 
pit were sampled provided enough flow was present. The first storm event 
during the testing period resulting in a measurable flow from the stormwater 
point was sampled for all pollutants outlined in Table 6-1.  
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The sampling schedule for the full year data collection was based on a bi-
monthly cycle and was repeated six times over the year (see Table 6-1). 
 
Table 6-1 Bi-monthly sampling schedule 
Week Month 1 Month 2 
Week 1 
Site Tests, Aluminium 
and AAS1 
Site Tests, enumeration of E. coli and 
thermotolerant and total coliforms 
Week 2 Site Tests, TN2 and TP3 Site Tests only 
Week 3 Site Tests only 
Site Tests and Enterococcus sp. 
enumeration 
Week 4 Site Tests only Site Tests only 
1 Atomic Absorption Spectrophotometry (AAS). 
2 Total Nitrogen (TN). 
3 Total Phosphorus (TP). 
 
All samples were taken from the designated sample points as shown in 
Section 5.4 and are based on a simple random sample technique (Keith, 1996; 
Quevauviller, 2002). The sampling bottles used were dependent of the type 
of pollutant to be tested (Franson, 2005; Standards Australia, 2001). The 
overflow sample collected on-site during the week was transferred to the 
appropriate bottle in the laboratory minimising contamination of the samples 
through transfer (Kratochvil, Wallace and Taylor, 1984). 
 
The sampling procedure used throughout the study was based on the 
Australian Standard (AS) 2031 (Standards Australia, 2001), AS/NZS 5667.1 
(Standards Australia, 1998) and ISO 19458 (International Organisation for 
Standardisation, 2006). The tap was turned on and run for five minutes (min) 
prior to sampling to remove build-up of pollutants, such as lead, in the water 
pipes (Deshommes et al., 2010). The acid washed bottles were rinsed three 
times on-site with the sample. For the microbiology samples, the tap was 
flamed after all other samples were taken and a sterilised glass bottle filled 
with a sample. For the second 6 months of sampling, the sample bottles were 
provided by Sydney Water Corporation (SWC) Analytical Services. 
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Samples were stored on ice during transport to the laboratory and then 
stored in a refrigerator below 4ºC for up to 24 hours (hr) prior to testing or 
stabilisation. A temperature gauge was included in the eskies to monitor the 
temperature. The second 6 months of samples were transported on the day of 
sampling to SWC Analytical Services, because of a recurring injury to the 
author of this thesis. 
 
A Quality Assurance (QA) plan was utilised throughout the research study 
(Boughton, 2005; Keith, 1996; Quevauviller, 2002). The QA plan included a 
trip blank, field blank, method blanks, triplicate samples, chain of custody, 
standards, spiked samples and accuracy testing. A trip blank was prepared 
prior to leaving the site and stored on ice during transport on the sampling 
day. At each site, a field blank was prepared for each type of sample 
stabilising technique by placing reagent grade water in the appropriate 
container and stabilising this field sample. During testing, method blanks 
were utilised thus assisting in identifying any contamination from sampling 
bottles, site procedures or testing methods. 
 
The tests were carried out in triplicates and all tests were conducted on 
method blanks, trip blanks, field banks and appropriate standards. In 
addition, spikes were carried out to ensure that the matrix of the sample did 
not influence the test results. All in-house results were recorded according to 
a predesigned sample number followed by set 1, 2 and 3 for the triplicates. 
All data and test procedures were recorded in laboratory books specific for 
the purpose, dated, and signed. A sample registration book was used to keep 
a detailed log of the chain of custody as well as sample, storage, testing and 
disposal details, as recommended for QA (Boughton, 2005; Keith, 1996; 
Quevauviller, 2002). 
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The testing conducted by SWC adhered to the specified minimums and used 
their in-house QA procedures based on AS/NZS 5667.1 and AS 2031 
(Standards Australia, 1998, 2001). All results were accompanied by QA 
results and all laboratory sheets for the microbiology were provided. The 
samples were still recorded in the sample registration book and on the SWC 
Analytical Services chain of custody forms to maintain a documented trace 
on the samples. 
6.2.1.2 Water Quality Probes 
Continuous water quality probes were installed at Site 1 and Site 2 
(Datasonde 5 with LDO (DS5) and Quanta for each tank). The probes were 
calibrated for Dissolved Oxygen (DO), pH, conductivity and turbidity in the 
laboratory (Quevauviller, 2002) and installed on-site to record the water 
quality data in five-minute intervals. The water quality parameters recorded 
were DO, pH, conductivity, turbidity and temperature.  
 
The data was downloaded from the Logosense datalogger on a weekly basis 
with HYDRAS3 and imported into HEC-DSS for storage. In addition to the 
continuous samples grab samples were also tested for DO, pH, temperature 
and conductivity with a HACH HQ 40D probe and turbidity with a HACH 
2400P turbidity meter. At completion of the water quality and quantity 
study, the water quality probes were reinstalled within laboratory and 
accuracy checks were carried out (Quevauviller, 2002). The data collected 
with the HACH HQ40D and turbidity meter were found to be suitable for 
analysis. The data collected by the continuous water quality probes showed 
unacceptable variation in the DO and the turbidity readings; therefore, only 
the pH and conductivity results from the continuous probes were used in the 
analysis. The method of calibration, verification and on-site tests for the 
accepted parameters of each of the water quality probes (continuous and 
grab sample) are presented in Section 6.2.4. 
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6.2.1.3 Rainfall Measurements 
There are two types of rain gauges available to measure the amount of rain 
on a particular site: weighing rain gauge and a tipping bucket rain gauge. 
The tipping bucket rain gauge is more accurate and requires less 
maintenance (Cowell and O'Loughlin, 1989; Day, 2000; Stransky, Bates and 
Fatka, 2006). Furthermore, it was found that tipping bucket rain gauges were 
also more financially viable, and therefore, were installed on Site 1 and Site 2. 
The Logosense datalogger recorded the amount of tips from the rain gauge at 
five seconds (s) intervals and (Ward and Trimble, 2004) converted each tip 
into the amount of rain recorded in the interval in mm (each tip is equivalent 
to 0.2 mm of rainfall). 
 
Research by Chapman and Salmon (1996), Torno, Marsalek and Desbordes 
(1986) and Cowell and O’Loughlin (1989) highlighted the consequence of 
time intervals in measurements. The five-second interval was utilised as the 
time of concentration on a roof is often below 2 min. This equates to a 
sampling frequency (fs) of 0.2 Hz and allows for a frequency (f) of 0.1 Hz (or 
10 s) to be observed (Ifeachor and Jervis, 2002; Torno, Marsalek and 
Desbordes, 1986). The configurations of the rain gauges were trialled within 
the laboratory prior to the pilot study and remained on-site for the duration 
of the project. A volumetric validation of the rain gauges was conducted 
prior to installation (Stransky, Bates and Fatka, 2006) as calibration was 
conducted by the manufacturer. The amount of rainfall recorded was 
analysed to obtain their ARIs according to the Australian Rainfall and Runoff 
(AR&R) principles (Pilgrim, 1987, reprinted 1998). An in-house developed 
program was used to analyse the data (Appendix E), because conventional 
statistical programs were incapable of processing the large data sizes. 
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6.2.1.4 Flow Measurements 
A large number of flowmeters are available on the market, but the choice for 
flowmeters that can be connected to 80 mm or 90 mm diameter stormwater 
pipes is limited. An electromagnetic meter has been found to have an error 
less than 25% (Torno, Marsalek and Desbordes, 1986), which is considered to 
be on the lower scale of inherent error in flowmeters. In a resource search, it 
was found that a full-flow flowmeter would be the most beneficial and 
suitable. Site 2 already contained a charged line, but Site 1 required 
reconfiguration to allow installation of the flowmeter. An 80 mm diameter 
ABB MagMaster flowmeter was tested in the laboratory and installed on-site. 
Current readings from the flowmeters were collected by a Logosense 
datalogger, which used the same sampling frequency as the rainfall (see 
Section 6.2.1.3). The error that occurred in the flowmeters, whilst on-site, is 
discussed in Section 6.2.4.2. 
6.2.2 Grab Samples Water Quality Testing 
6.2.2.1 Heavy Metals 
The majority of the analysis for heavy metals and calcium used an Atomic 
Absorption Spectrophotometer (AAS) for the first six months of samples. The 
concentration of aluminium was not measured with AAS, but used 
colorimetric spectrophotometry. During the last six months of testing, 
Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) and Inductively 
Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES) were used for 
analysis of heavy metals and calcium. 
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Atomic Absorption Spectrophotometer  
Flame AAS was used for copper, zinc, calcium and magnesium analysis (on a 
GBC 902 or a GBC 932AA). Each different element is detected with a 
different wavelength and therefore a different lamp is to be used. The slit 
width and electric current into the lamp also vary and the sample needs to be 
pre-treated in some cases. The methodology utilised for the testing is based 
on American Public Health Authority (APHA) 3111 (Franson, 2005), which is 
very similar to American Standard Testing Methods (ASTM), such as ASTM 
1688-07 (2007) for copper. An ionisation suppressor (1%KCl) was added to 
solutions for analysis of calcium and magnesium (Franson, 2005; Mendham 
et al., 2000). The heavy metal standards for the AAS came courtesy of Mr. 
Aarts (School of Natural Sciences, University of Western Sydney). 
Colorimetric Analytical Method for Aluminium 
For samples from the first 6 months, the aluminium testing followed the 
method detailed in Vogel’s textbook of quantitative chemical analysis for 
colorimetric analysis (Mendham et al., 2000). A Drell DR2800 was utilised for 
colorimetric detection of the absorbance (Eveleth and Myers, 1935; Franson, 
2005; Mendham et al., 2000; Svehla, 1996). 
 
The volume of sulphuric acid (0.01 M) required to bring the solution to pH 2 
was determined for each sample using methyl-orange indicator. For each 
sample three replicates and a method blank were run. All samples were 
prepared as follows. To the 25 mL samples, sulphuric acid (determined 
volume plus 1 mL, 0.01 M), ascorbic acid (0.0057 M, 1 mL), buffer reagent (10 
mL) and aluminium reagent (tri-ammonium aurine-tricarboxylate (0.0042 M, 
5 mL) were added, inverting between each addition and made up to 50 mL 
with deionised water. The blank was made by adding 1 mL of 
ethylenediaminetetra-acetic acid (EDTA) (0.0127 M) between the pH 
adjustment and the addition of ascorbic acid. The Drell was then zeroed on 
the blank sample and the results from the other samples were read. 
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The Drell was calibrated with a range of dilutions of potassium aluminium 
sulphate and checked on a weekly basis before testing. The buffer reagent (10 
mL) was used to reduce the effects of other metal ions and was made by 
adding 136 g of sodium acetate and 40 mL, 1 M acetic acid made up to 1 L 
with deionised water. The acetic acid was freshly prepared for each testing 
day. 
Sydney Water Analytical Services 
SWC Analytical Services utilised the United States Environmental Protection 
Authority (U.S. EPA) Testing Method 6010 for calcium, copper, magnesium, 
and zinc, whilst Test Method 6020 was utilised for aluminium and lead. Test 
Method U.S. EPA 6010 utilises ICP-AES and Test Method 6020 utilises ICP-
MS (Franson, 2005; Nelson, 2003).  
6.2.2.2 Total Nitrogen and Total Phosphorus 
The in-house Total Nitrogen (TN) and Total Phosphorus (TP) testing was 
inconsistent and therefore only SWC Analytical Services results are used in 
this chapter. SWC Analytical Services used APHA 4500-NO3- for nitrate, 
APHA Method 4500-Norg D for total organic nitrogen (Franson, 2005). For 
TP, SWC Analytical Services utilised APHA 4500-P H (Franson, 2005). 
6.2.2.3 Enumeration of Escherichia coli, Thermotolerant Coliforms and Coliforms 
As the turbidity of the samples for testing was low (see Section 5.5.1), the 
membrane filtration technique (Standards Australia, 2007c, 2007d) was used 
for the enumeration of E. coli, Thermotolerant Coliforms (TTC) and Total 
Coliforms (TC). All culture media were made from commercial dehydrated 
media (see Table 6-2). Different sample volumes were used throughout the 
testing (see Table 6-3). 
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Table 6-2 Dehydrated media for the enumeration of E. coli, TTC and TC 
Agar/Test Brand Name 
m-LS Agar Amyl Media m-LS Broth (AM 108) 
ONPG Broth Oxoid ONPG (DD0013T) 
EC Mug Broth Oxoid EC Broth with Mug (CM0979B) 
Nutrient Broth Amyl Media Nutrient Broth (AM 131) 
Granulated Agar BD Difco Agar, granulated, solidifying agent 
Oxidase Test BD Taxodiscs 
 
Table 6-3 Sample volumes for the enumeration of E. coli and TTC and 
TC 
Sample type 
Volume 1 
(mL) 
Volume 2 
(mL) 
Volume 3 
(mL) 
Tank  1 10 100 
Overflow  0.1 1 10 
First-flush  0.01 0.1 1 
Stormwater  0.001 0.01 0.1 
 
The results were converted to coliforms per 100 mL utilising Equation 6-1 
(Standards Australia, 2007a). 
 
   
 
    
    , Equation 6-1 
 
where Cs is the number of colony forming units per 100 mL, Z is the sum of 
the colonies counted on the plates from the different dilutions, Vtot is the total 
volume of dilutions and Vs is the reference volume (100 mL). 
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The confidence limits (CL) of the test results can also be computed with the 
use of Equation 6-2 for Z ≥ 20 and Equation 6-3 for Z<20 (Standards 
Australia, 2007a). 
 
           
     
    
      and 
Equation 6-2 
 
           
         
    
    , 
Equation 6-3 
 
where Cs is the number of colony forming units per 100 mL, Z is the sum of 
colonies, Vtot as the total volume of dilutions (see Table 6-3) and VS is the 
reference volume (100 mL).  
 
SWC Analytical Services utilised APHA Method 9222D (Franson, 2005), 
using a membrane filtration method for both E. coli, TTC and TC. 
6.2.2.4 Enterococcus sp. 
The Bile-Aesculin agar method was used as it has been reported to provide 
better results than the Most Probable Number (MPN) method for unpolluted 
(or limited) polluted waters (Jagals et al., 2000). In addition, the pilot study 
showed significant counts of Enterococcus sp., and as turbidity was shown to 
be low, the membrane filtration method was used for the testing of 
Enterococcus sp. (Standards Australia, 2007e). The culture media were made 
as per the manufacturer’s specification. The Slanetz and Bartley medium was 
sourced from Oxoid (CM0377B) and the Bile-aesculin agar from BD (BBL 
Enterococcosel Agar). Different volumes of water sample were used 
throughout the study and are shown in Table 6-4. 
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Table 6-4 Sample volumes for the enumeration of Enterococcus sp. 
Sample type 
Volume 1 
(mL) 
Volume 2 
(mL) 
Tank 10 100 
Overflow 0.1 1 
First-flush 0.1 1 
Stormwater 0.01 0.1 
 
The final counts were converted to Enterococcus spp. coliform forming units 
per 100 mL using Equation 6-1 and confidence limits were computed using 
Equation 6-2 and Equation 6-3. 
 
SWC Analytical Services utilised the AS/NZS 4276.9:2007 (Standards 
Australia, 2007e) and modified the method to the MPN method similar to AS 
4276.8-1995 (Standards Australia, 1995) in the last quarter of the sampling 
period. 
6.2.3 Continuous Water Quality Testing 
6.2.3.1 Dissolved Oxygen 
The HACH HQ40D DO probe requires no calibration (HACH Company, 
2006a), but instead a computer chip is updated yearly to ensure calibration is 
correct (the LDO IntelliCAL probe iButton®). The DO probe chip was 
replaced throughout the year and the results were reproducible for 
standards. 
6.2.3.2 pH 
The process for service and calibration of the pH probes followed the 
manufacturer’s guidelines for the Quanta probes (HACH Company, 2002), 
Hydrolab DS5 with LDO (HACH Company, 2006b) and the HACH HQ 40D 
(HACH Company, 2006a). All the calibrations required the use of three pH 
standards. The pH standards were prepared using standard pH powders, 
which were diluted to 500 mL with type 1 reagent grade water and the 
standards were also used to verify the calibration prior to installing the 
probes on-site. 
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Each week, the calibration of the HACH HQ 40D probe was checked at Site 1 
with a standard solution (pH 7). The pH results indicated that the error for 
the calibration of the HACH HQ 40D is 4% (µ ≠ 7, p<0.001). Outliers were 
recorded in Week 2 (6 July 2009) and Week 39 (10 June 2010) (see Figure 6-1).  
After the data collection period, the water quality probes were reinstalled in 
the laboratory and checked for the three standard pH values. The standards 
were freshly prepared and all probes showed some variation from the 
standard reading. Table 6-5 and Table 6-6 show the calibration and 
verification results, respectively.  
 
 
Figure 6-1 HACH HQ 40D calibration and validation of pH probe 
The boxplot shows the weekly validation, calibration and validation of the HACH HQ40D pH probe. 
All three median values are relatively close the standard of pH 7. The Interquartile Range (IQR) of the 
weekly validation is larger than that of the calibration and validation, which is likely due to the 
changes in temperature on-site in comparison to steady temperatures in the laboratory. The weekly 
validation also shows a low outlier (○) and an extreme (*). All three box and whisker plots for the pH 
valdiation and calibration show reasonable variation and a steady result and therefore the pH results 
are deemed suitable for analysis.  
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Table 6-5 Calibration results of pH probes 
 pH 4 pH 7 pH 10 
Quanta Site 1 3.87 ± 0.03 7.02 ± 0.02 10.04 ± 0.01 
Quanta Site 2 4.11 ± 0.03 6.92 ± 0.04 9.93 ± 0.02 
DS5 Site 1 4.29 ± 0.04 7.19 ± 0.03 10.06 ± 0.01 
DS5 Site 2 4.14 ± 0.01 7.07 ± 0.02 9.93 ± 0.01 
 
Table 6-6 Validation results pH probes 
Probes pH 4 pH7 pH 10 
DS5 Site 1 4.00 ± 1.14 7.00 ± 1.03 10.0 ± 0.80 
DS5 Site 2 4.00 ± 1.63 7.00 ± 1.20 10.0 ± 0.80 
Quanta Site 1 4.00 ± 2.07 7.00 ± 2.10 10.0 ± 2.07 
Quanta Site 2 4.00 ± 2.06 7.00 ± 2.21 10 ± 2.06 
 
6.2.3.3 Conductivity 
The conductivity probes required a single standard for calibration. 
According to the manual, the solution was to be either NaCl or KCl (HACH 
Company, 2002, 2006a, 2006b). Both samples were prepared according to the 
APHA Method 2510 (Franson, 2005) and utilised for calibration and 
verification. 
 
Throughout the data collection period, the HACH HQ 40D conductivity 
probes were compared with a conductivity standard of 1000 µS cm-1 at Site 1. 
The results indicated that the error for calibration of the HACH HQ 40D 
conductivity probe was minimal (µ ≠ 1000 µS cm-1, p>0.08, 996 ± 4 µS cm-1 at 
a 95% confidence interval). After the data collection period, all probes were 
reinstalled in the laboratory and tested with fresh NaCl and KCl standards. 
The calibration held for all probes (Quantas, Datasondes and HACH HQ 
40D) with variation around the standard of 1.5 µS cm-1. 
6.2.3.4 Temperature 
The temperature probes were checked with secondary probes and with each 
other. The measurements were approximately within ±1.0% for all the 
probes. 
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6.2.3.5 Turbidity 
The HACH 2400P turbidity meter was calibrated following the procedure in 
its manual (HACH Company, 2004) using: (1) type 1 reagent grade water, (2) 
in-house prepared turbidity standard, (3) secondary turbidity standard 
(Gelex® catalogue number 24641). 
 
The turbidity standard was prepared using APHA Method 2130 (Franson, 
2005), and was diluted to 12.8 NTU, 160 NTU and 800 NTU. The calibration 
was checked using the Gelex® secondary standards in the HACH 2400P 
turbidity meter and with the HACH Standard calibration ring in the Quanta 
probes. On a weekly basis, all Gelex® standards were used on-site to check if 
the calibration of the turbidity meter had held. This resulted in the errors 
shown in Table 6-7 for all the grab samples from the sites. 
 
Table 6-7 HACH HQ40D turbidity standard testing statistics  
Test Type Standards1 N 
Minimum 
(NTU) 
Maximum 
(NTU) 
Mean 
(µ) 
(NTU) 
Std. 
Error 
(ε) 
(%) 
Std. 
Dev. 
(σ) 
(NTU) 
Calibration 
MilliQ 3 1.72 1.83 1.79 79 0.06 
Standard 1 3 4.24 4.29 4.26 5 0.03 
Standard 2 3 58.1 59.1 58.7 2 0.53 
Standard 3 3 527 531 529 7 2.08 
On site 
checks 
MilliQ 52 0.08 0.30 0.14 31 0.05 
Standard 1 50 3.70 4.88 4.67 4 0.15 
Standard 2 52 62.2 66.0 63.6 6 0.63 
Standard 3 41 489 501 495 0 2.49 
Validation 
MilliQ 3 0.19 0.23 0.21 3 0.02 
Standard 1 3 4.66 4.75 4.70 5 0.05 
Standard 2 3 64.0 65.0 64.4 7 0.55 
Standard 3 3 494 499 497 0 2.65 
1 MilliQ <1 NTU, Standard 1 = 4.48 NTU, Standard 3 = 60.1 NTU and Standard 4 = 
495 NTU. 
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6.2.4 Continuous Water Quantity Testing 
6.2.4.1 Rainfall Analysis 
The rainfall gauges used were RIMCO 8020 tipping bucket rain gauges. The 
gauges were calibrated by the manufacturer and the tipping bucket volumes 
were checked in the laboratory. The maximum volume per tip is 0.2 mm. The 
error associated with the bucket is ±1% to 250 mm hr-1 and ±3% from 250 mm 
hr-1 to 300 mm hr-1 (McVan Instruments Pty Ltd, 2007). 
6.2.4.2 Discharge Analysis 
The discharge in to the RWT was monitored for both Site 1 and Site 2 in five-
second intervals. The data was analysed in an in-house developed Matlab 
program and transferred into HEC-DSS. The in-house developed program 
utilised a conversion curve that was prepared with the information provided 
by ABB (ABB, 2007) and the results obtained from the accuracy testing in the 
laboratory (see Figure 6-2).  
 
The laboratory tests resulted in Equation 6-4 to convert the recorded current 
to flow rates. The current output has in inherent error of ± 0.05 mA for Site 1 
and Site 2. Any results equal to or below this threshold were assumed 
negligible and therefore set to zero.  
 
                   
                 
                        
Equation 6-4 
 
where v is velocity in metres per second (m s-1), A is the area of flow in 
square metres (m2), I is the measured current in milli Amperes (mA) and Qo 
is the observed discharge into the tank in litres per second (L s-1). 
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Figure 6-2 Conversion curve for the ABB MagMaster flowmeter to 
change the of current (mA) to discharge (L s-1) 
The plot of flow in mA and flow in L s-1 shows a quadratic equation for both Site 1 (■) and Site 2 (▲). 
The correlation coefficients for both sites is close to 1.0 and similar to the theorectical conversion (♦). 
The conversion is based on in-house laboratory testing with two different pumps. It is assumed that 
the 20 mA reading equates to 50 L s-1 as pumping equipment for this rate was unavailable.  
 
Figure 6-2 shows some variation for the equation in Site 1 and Site 2, 
therefore in the Matlab program, Equation 6-5 and Equation 6-6 are used. 
 
                
                           , Equation 6-5 
  
                
                            , Equation 6-6 
 
where Q is the discharge through the flowmeter (L s-1), v is the velocity of 
flow (m s-1), A is the area of the flowmeter (m2) and I is the current 
measurement (mA). 
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6.3 Results1,2 
6.3.1 Continuous Water Quantity Results 
6.3.1.1 Rainfall 
The collected rainfall results were analysed using the in-house developed 
Matlab program shown in Appendix E, as the recorded data length exceeded 
the upper limit of all conventional analysis packages. The storm events for 
Site 1 were separated by antecedent time of 2 hr (autocorrelation lag time (k) 
of 19 and 26 time-steps, for the first 6 months and second 6 months of data 
respectively) and for Site 2 the antecedent time of 1 hr and 45-minute (auto 
correlation lag time (k) of 21 time-steps for both the first and second six 
months of data). The total rainfall recorded for the period was 918.6 mm for 
Site 1 and 609 mm for Site 2, which corresponds well with the total recorded 
rainfall for nearby Bureau of Meteorology (BOM) gauge stations 067033 and 
067105 (Bureau of Meteorology, 2010). As discussed in Chapter 5, the 
variation in rainfall is likely to be due to the differences in elevation and 
locations (Chiew and McMahon, 1993). 
 
The rainfall data was converted to different intervals for the sample period, 
which enables the data to be used in the modelling programs and to conduct 
analysis. Figure 6-3 shows the recorded daily rainfall for Site 1, Site 2 and the 
BOM stations 06703 and 67105.  
 
 
                                                   
Part of this chapter has previously been published in: 
1 van der Sterren, M, Rahman, A and Ryan, G, 2010, ‘Investigation of water quality and 
water quantity of five rainwater tanks in Western Sydney, Australia’, World Environmental 
and Water Resources Congress, American Society of Civil Engineers, Providence, Rhode Island, 
May 17-23, 2010. 
2 van der Sterren, Dennis, G R, Chuck, J and Rahman, A, 2010, ‘Rainwater tank water quality 
and testing in Western Sydney, Australia’, World Environmental and Water Resources Congress, 
American Society of Civil Engineers, Providence, Rhode Island, May 17-23, 2010. 
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Figure 6-3 Observed and BOM recorded rainfall 
The daily accumulative rainfall for the raingauges on Site 1 (-), Site 2(-) and the local BOM station (067105) during the longitudinal crossectional study from 6 October 2008 
untill 10 October 2009. The daily accumulative rainfall is computed from five-second measured rainfall depth recorded with a RIMCO raingauge.  
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The rainfall analysis divided the data into storm events and in total 145 
events were recorded for Site 1 and 124 events for Site 2. The maximum burst 
intensity was determined (see Figure 6-4 and Figure 6-5) and compared to 
the Intensity Frequency Duration (IFD) tables for the region (see Appendix 
D.II ). The histogram shows that the larger the burst intensity, the less 
frequent a storm of that magnitude occurred (see Figure 6-4). In addition, less 
frequent storm events have longer durations (see Figure 6-5). A large 
variation of events were recorded throughout the study period, but none 
exceeded the 2-year Average Recurrence Interval (ARI) level. The maximum 
recorded intensity was 110.4 mm hr-1 for Site 2 and 57.6 mm hr-1 for Site 1. 
Both events are between a 1 and 2-year ARI event. Examples of selected 
events are shown in Appendix F.II.a, with the associated hyetographs and 
hydrographs. Additional analysis was conducted on the maximum burst 
intensities using partial series (Ball, 2006). This method provided similar 
results to the Matlab program computation. 
6.3.1.2 Discharge 
The flowmeter data for both Site 1 and Site 2 were analysed using the in-
house developed Matlab program discussed in Appendix E. The flowmeter 
for Site 2 was not functioning from November 2008 to May 2009, because 
ants made their home in the conversion unit. After removal and replacement 
of the flowmeter, the problem was not resolved and a continuous error was 
evident after conversion in the discharge curves of Site 2. The discharge for 
Site 2 is therefore excluded from analysis. As a result the maximum flow 
recorded for Site 1 was 20.7 L s-1 (29 November 2008, 2:06 am) for the one-
minute data. Figure 6-6 shows the measured daily cumulative flow for Site 1.  
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6.3.1.3 Volumes 
The water levels and occurrences of overflows were also measured. The 
overflows were recorded (see Table 6-8). The water levels are shown in 
Figure 6-7. The users on Site 2 used mains water to top up the RWT in 
October 2008 and in January and February 2009. The users on Site 1, on the 
other hand, reduced their water consumption significantly when the depth of 
water in the tank was reduced to less than 700 mm (or 1000 L) in August 
2009. Figure 6-7 shows a reduction in the rate of change, which nearly 
flattens out during September 2009. The efficient use of water in the 
household ensured that during periods of limited rainfall, water is still 
available for cooking and consumption. 
 
Table 6-8 Occurrences of overflows from RWT 
Site Testing  Overflow (no. of weeks) Tank Full 
 (No. of weeks) 0 mL <2.5 L >2.5 L (No. of weeks) 
1 52 24 21 7 8 
2 52 35 0 17 21 
3 51 20 24 7 8 
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Figure 6-4 Rainfall peak burst intensity distribution for both sites Figure 6-5 Distribution of the duration of the rainfall burst on Site 1 
and Site 2 
The histogram shows the distibution of the peak burst intensitites for Site 1 (■) and 
Site 2 (■). The frequency of occurrence reduces as the peak burst intensitiy increases. 
The recorded ARI as a result of these peak intensities and their average intensities 
resulted in events of less than 2-year ARI.  
The histogram shows the distribution of the storm burst durations for Site 1 (■) and 
Site 2 (■). The durations of the bursts vary significantly and the short duration events 
occur more frequently than long duration burst events, as expected.  
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Figure 6-6 Cumulative daily flow (L s-1) for Site 1 
The accumulative daily flow discharging into the tank at Site 1 is shown. The daily flow is computed from five-second flow data in mA in the in-house developed Matlab 
program. The discharge into the tank for the complete longitudinal crossectional study is shown ( 6 October 2008 until 10 October 2009).   
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Figure 6-7 Water levels for Tank 1, Tank 2 and Tank 3 
The weekly water levels recorded on-site are presented as Tank 1 (■), Tank 2 (•) and Tank 3 (♦). The depth variation on a weekly basis during the longitudinal cross-sectional 
study from 6 October 2008 until 10 October 2009 shows significant fluctuations, as well as water use patterns. Any increase in water levels in Tank 2 alone  shows use of mains 
water and the reduction of use in Tank 1 is visible from July 2009 until September 2009. The rate of change reduced significantly during this period. 
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6.3.2 Continuous Water Quality Results 
The mean for the continuous water quality probe data was computed using 
conventional statistics (see Table 6-9). Following the computation of the 
mean, the autocorrelation coefficients were estimated of the time series data 
to check for periodicity on a daily time step in the sample (Brockwell and 
Davis, 1996; Chatfield, 2004). The time series and standard statistical analysis 
was conducted in SPSS. All samples were deemed to be non-periodic at a 
daily time step and therefore conventional statistics were used for the 
analysis of the variance and standard deviation (Chatfield, 2004). As the 
samples were taken for one year, annual periodicity could not be examined 
due to the short data length. The data set did show sub daily periodicity 
following a diurnal pattern; but these could not be analysed in a 
conventional statistical package due to record length. The continuous results 
for the tank are compared to grab samples using t-tests and box plots, which 
are further discussed in Section 6.4.2. 
 
Table 6-9 Continuous water quality results 
Characteristic – site Units 
Mean 
(µ) 
Std. Dev. 
(σ) 
Conductivity – Tank 1 µS cm-1 48.8 15.8 
Temperature – Tank 1 ºC 18.5 5.12 
pH – Tank 1 - 7.38 0.82 
Conductivity – Tank 2 µS cm-1 109.4 86.0 
Temperature – Tank 2 ºC 18.4 4.60 
pH – Tank 2 - 7.89 0.63 
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6.3.3 Grab Samples Results 
6.3.3.1 Introduction 
The grab samples were collected and analysed as per the discussed sampling 
and testing methods detailed in Section 6.1. It was assumed that all grab 
samples were statistically independent and therefore conventional statistics 
were used (McBean and Rovers, 1998). The mean, distribution and 
comparison of means were conducted in the statistical analysis program 
SPSS. 
 
At no stage was there a sufficient volume in the discharge control pit for 
water quality testing, but all other samples were collected from 6 October 
2008 until 10 October 2009. 
6.3.3.2 Tap Samples 
The closest tap to the tank (see Section 5.4.4) was tested for nutrients, 
microbiology, physical and heavy metal contaminants, as per the rotating 
schedule shown in Table 6-1 on page 192. This section summarises the 
average results of the tank samples with their respective standard deviation 
(see Table 6-10). 
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Table 6-10 Sample of tap water closest to the tank for all sites 
Pollutant Unit 
No. of 
Samples 
Range 
Mean 
(µ) 
Std. 
Dev. (σ) 
Skew 
Turbidity NTU 156 
0.12-
53.7 
2.96 6.16 5.25 
DO mg L-1 240 
0.44-
13.7 
7.40 2.05 -0.90 
E. coli 
cfu 100 
mL-1 
30 <1-325 111 -  
Enterococcus 
sp. 
cfu 100 
mL-1 
28 <1-2150 121 -  
TTC 
cfu 100 
mL-1 
13 1-275 4261 -  
TC 
cfu 100 
mL-1 
18 <1-770 771 -  
TP 
mg L-1 
30 
0.013-
0.89 
0.156 0.190 1.58 
TN 
mg L-1 
28 
0.22-
1.23 
0.59 0.22 0.88 
Aluminium 
mg L-1 
18 
0.004-
0.510 
0.115 0.143 1.59 
Copper 
mg L-1 
22 
0.003-
1.060 
0.221 0.294 1.67 
Lead 
mg L-1 
18 
0.001-
0.052 
0.011 0.013 2.34 
Zinc 
mg L-1 
18 
0.070-
6.99 
2.63 2.20 0.68 
Hardness 
mg L-1 
26 
1.38-
25.5 
9.49 8.52 0.62 
Conductivity µS cm-1 239 2.74-430 62.2 54.5 5.32 
Temperature 
◦  
241 
8.80-
29.1 
18.9 4.41 -0.18 
pH 
- 
240 
5.53-
8.85 
6.60 0.50 0.84 
1 Geometric mean 
 
The results varied by sample and tank, which is further discussed in Section 
6.4. Complete datasets are provided on the Compact Disk (CD) titled ‘Data’. 
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6.3.3.3 Overflow Samples 
Overflow samples up to 2,500 mL were collected throughout the data 
collection period on a weekly basis. When this coincided with a particular 
test, the overflow samples were tested for that specific pollutant. All 
overflow samples were tested for heavy metals and hardness. Table 6-11 
shows the summary of the overflow data and the complete data set is 
provided in the CD titled 'Data.' 
 
Table 6-11 Water quality summary statistics for overflow samples from 
all sites 
Pollutant Unit 
No. of 
Samples 
Range 
Mean 
(µ) 
Std. 
Dev. (σ) 
Skew 
Turbidity NTU 64 0.37-169 7.09 22.8 6.24 
DO mg L-1 62 1.57-12.2 8.16 2.46 -0.80 
E. coli 
cfu 100 
mL-1 
10 <1-4400 5131 -  
Enterococcus 
sp. 
cfu 100 
mL-1 
9 <1-5400 13181 -  
TTC 
cfu 100 
mL-1 
10 
1-
390x103 
41681 -  
TC 
cfu 100 
mL-1 
7 10-8700 7761 -  
TP 
mg L-1 
18 
0.042-
2.71 
0.976 0.961 1.01 
TN mg L-1 6 0.46-5.59 1.64 1.98 2.20 
Aluminium 
mg L-1 
22 
0.020-
0.266 
0.123 0.061 0.902 
Copper mg L-1 75 0.00-2.44 0.081 0.37 5.30 
Lead 
mg L-1 
66 
0.001-
0.036 
0.008 0.007 1.56 
Zinc 
mg L-1 
66 
0.050-
1410 
46.0 210 5.30 
Hardness mg L-1 64 1.56-30.0 11.8 8.40 0.52 
Conductivity µS cm-1 65 19.8-555 76.8 71.9 4.98 
Temperature ◦  65 9.50-46.2 18.9 5.76 1.59 
pH - 64 5.42-8.24 6.69 0.63 0.31 
1 Geometric mean 
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6.3.3.4 First-flush Samples 
The first-flush on Site 3 was sampled on a weekly basis and was never found 
to be empty throughout the data collection period. This significant volume of 
water is attributed to the design and construction of the first-flush system 
and condensation on the roof area. The first-flush was therefore tested on a 
weekly basis and a summary of the results are shown in Table 6-12. 
 
Table 6-12 Summary statistics of first-flush results 
Pollutant Unit 
No. of 
Samples 
Range 
Mean 
(µ) 
Std. 
Dev. (σ) 
Skew 
Turbidity NTU 45 0.32-436 16.6 69.0 5.53 
DO mg L-1 45 3.21-11 6.84 2.55 0.11 
E. coli 
cfu 100 
mL-1 
5 
<1-
26000 
38601 -  
Enterococcus 
sp. 
cfu 100 
mL-1 
6 2-3400 1551 -  
TTC 
cfu 100 
mL-1 
5 1-1x106 331131 -  
TC 
cfu 100 
mL-1 
4 
60-
240000 
25701 -  
TP mg L-1 12 
0.021-
1.540 
0.34 0.43 2.24 
TN mg L-1 6 
0.19-
3.22 
1.27 1.18 1.08 
Aluminium mg L-1 10 
0.020-
0.380 
0.125 0.11 1.60 
Copper mg L-1 49 
0.00-
1.72 
0.10 0.34 3.95 
Lead mg L-1 49 
0.01-
0.031 
0.009 0.008 1.18 
Zinc mg L-1 49 
2.28-
1010 
59.8 201 3.94 
Hardness mg L-1 49 
1.58-
41.1 
9.65 8.62 2.19 
Conductivity µS cm-1 45 16.4-626 106 123 291 
Temperature 
◦  
45 
9.30-
27.3 
18.0 4.21 0.015 
pH 
- 
45 
5.24-
6.96 
6.16 0.38 0.034 
1 Geometric mean 
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6.3.3.5 Stormwater Outlet 
The outlet of the stormwater system was tested only if flow was present on 
the sampling days, which occurred only on three occasions. The minimum 
flow recorded (Baseflow) was 0.024 L s-1, the maximum flow was 0.50 L s -1 
and the mean flow was 0.23 L s-1. The statistics of the pollutants associated 
with these flows are shown in Table 6-13. 
 
Table 6-13 Statistical summary of pollutants recorded in stormwater 
outflow samples 
 Units No. Average Range St. 
Dev. 
Aluminium mg L-1 3 0.12 0.041 – 0.25 0.12 
Conductivity µS cm-1 14 652 82 – 1029 272 
Copper mg L-1 15 0.240 0.005- 2.30 0.647 
DO mg L-1 14 9.5 6.6 – 10.7 1.0 
E. coli cfu 100 mL-1 2 3901 <10- 1700 - 
Enterococcus sp. cfu 100 mL-1 4 9331 210 – 5150 - 
Hardness mg L-1 15 77.6 26.5- 104 18.5 
Lead mg L-1 15 0.011 0.001 – 0.035 0.011 
pH - 14 7.1 6.4- 8.1 0.5 
TC cfu 100 mL-1 2 89121 4600-17000 - 
Temperature ◦C 14 20.1 14.9-23.3 2.81 
TN mg L-1 3 1.02 0.75-1.37 0.32 
TP mg L-1 4 0.39 0.06-0.63 0.24 
TTC cfu 100 mL-1 2 6031 90-4000 - 
Turbidity NTU 14 2.36 0.62-8.32 2.28 
Zinc mg L-1 15 2.41 0.010 2.90 
1 Geometric mean 
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6.4 Discussion1,2 
6.4.1 Water Quantity 
The results in Figure 6-3 and Figure 6-6 clearly show similar rainfall and run-
off patterns resulting from this rainfall on Site 1 and Site 2. The results have 
been utilised to calibrate a simple water balance model. The water balance 
was modelled for Site 1 and Site 2. The volumetric run-off coefficients and 
peak run-off coefficients for the water balance were calculated using the in-
house developed Matlab Program. 
 
A typical water balance was prepared in Excel using the standard water 
balance equation (see Equation 6-7) (Butler and Davies, 2000). 
 
      , Equation 6-7 
 
where ∆S is the change in storage, I the inflow from the roof and O the 
outflow through the overflow and usage (all are in litres or cubic metres). 
The water level was converted to weekly storage volume using Equation 6-8. 
 
          
 , Equation 6-8 
 
where St is the storage volume at week t (m3), Ht is the water level (m) in the 
tank at week t  and r is the radius of the tank (m). 
 
                                                   
Part of this chapter has previously been published in 
1 van der Sterren, M, Rahman, A and Ryan, G, 2010, ‘Investigation of water quality and 
water quantity of five rainwater tanks in Western Sydney, Australia,’ World Environmental 
and Water Resources Congress, American Society of Civil Engineers, Providence, Rhode Island, 
May 17-23, 2010. 
2 van der Sterren, Dennis, G R, Chuck, J and Rahman, A, 2010, ‘Rainwater tank water quality 
and testing in Western Sydney, Australia,’ World Environmental and Water Resources Congress, 
American Society of Civil Engineers, Providence, Rhode Island, May 17-23, 2010. 
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The inflow was derived from the measured inflow through the flowmeter, or 
where no results were available Equation 6-9 was used to estimate the inflow 
(for example for Site 2). 
 
   
  
                  
Equation 6-9 
 
where it is the recorded rainfall (mm) at time t, Aroof is the area of the roof 
discharging into the tank and C the computed volumetric run-off coefficient. 
The run-off coefficient was calculated using the in-house Matlab program for 
each recorded storm event (see Appendix F.II.c). 
 
The volumetric run-off coefficients were determined to range from 0.07 to 
0.90, which differs from the common use of 0.8 or 0.95 for roof catchments 
(Brodie, 2008; Ghisi, Tavares and Rocha, 2009; Gottschalk and Weingartner, 
1998; Herrmann and Schmida, 1999; Khastagir and Jayasuriya, 2010b). 
Different run-off coefficients for different roof materials have also been 
determined by others. A typical flat roof has been shown to have a 
volumetric run-off coefficient of 0.6, whilst a run-off coefficient for a steep 
roof with tiles can be as high as 0.75 (van Olmen, 2009, p. 35). Other research 
has shown that the run-off coefficient is dependent on initial loss and 
number of rain days (Chiew and McMahon, 1999). This research shows that 
the volumetric run-off coefficient is related to the ARI of the storm event and 
the maximum burst intensity (see Table 6-14). This difference has also been 
highlighted by various other researchers (Dhakal et al., 2010; Hotchkiss and 
Provaznik, 1995). 
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Table 6-14 Volumetric run-off coefficient and recorded ARI 
ARI 
(1 in x year) 
Maximum Burst Intensity 
(mm hr-1) 
Site 1 
(-) 
<1 2.4 0.07 
<1 4.8 0.27 
<1 7.2 0.65 
<1 9.6 0.66 
<1 12.0 0.71 
<1 14.4 0.56 
<1 16.8 0.92 
<1 =>19.2 0.90 
 
The outflow from the tank was only partially known and therefore Equation 
6-10 a, b and c were used. 
 
       ,           a 
Equation 6-10                              b 
               ,            c 
 
where Ot is the outflow (m3) at time t, Ouse is the usage volume, Oµuse is the 
mean usage and Oover is the overflow volume. 
 
The water balance for Site 1 and Site 2 gave an insight into the water use 
patterns and volume of overflow (see Appendix F.II.c). The water use for Site 
1 follows a random pattern and a significant reduction of water use occurred 
when the tank was almost empty. The consumption of water from 30 L day-1 
reduced to 10 L day-1 by the users to delay the import of water by a water 
carter. The users on Site 1 are aware of their water use as there is only a 
limited supply. This awareness of use is an important contributor to the 
water saving methods implemented. Randolph and Troy (2008) also 
indicated that only 20% of mains water users knew their water use in a 
quarter. This is significantly different from those with a sole reliance on RWT 
for their supply of water. 
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The enHealth (2004) and RWG (2009) indicate that reliability of water supply 
in areas without mains water is more critical than meeting demand in areas 
with mains water. Often this is related to the remote location of the area, but 
as already indicated in Chapter 5, the Hawkesbury City Council (HCC) is on 
the peri-urban fringe, and therefore, some urban fringe areas do not have 
mains water. 
 
The design standards should, therefore, consider not only the design of 
tanks, but different design methods should be used for different areas 
depending upon whether there is mains supply available. A sole reliance on 
RWT water makes the users aware of their water use and they can reduce 
consumption significantly (Site 1), when there is a short supply of water. On 
the other hand, in areas with mains water, a top-up could be provided to the 
tank to ensure demand is met. Furthermore, the primary reason for the tank 
would not be to supply water, but to reduce mains water demand and 
stormwater run-off. For these areas, the design should indicate that the tank 
should not be only for irrigation, but for other uses as well. The water 
balance for Site 1 and Site 2 shows that a reduction in discharge volume to 
the existing stormwater system can be expected by installing a tank, which is 
similar to the findings of previous research by others (Andoh and Declerck, 
1999; Argue, 1997; Argue and Scott, 2000; Herrmann and Schmida, 1999; 
Joliffe, 1997; Vaes and Berlamont, 2001). The reduction in volume 
discharging to the existing stormwater system is highly dependent on the 
use of the tank, as is evident in the data collected at Site 1 and Site 3. 
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The volumes computed in the water balance were used to determine the 
daily reduction of volume running from the roof. The daily reduction was 
computed using Equation 6-11. 
 
         
     
  
      
Equation 6-11 
where Red is the reduction in run-off in percent, Ot is the volume of overflow 
at time t, and It is the inflow into the tank at time t. The reduction was also 
statistically analysed to determine recurrence of reduction events. 
 
These sites both had lower overflows due to higher demands and Site 1 
shows on average a 97.5% reduction in the daily volume of outflow in 
comparison to the direct discharge from the roof, with a less than 90% 
reduction 5.61% of the time. The question remains if the discharge rate and 
velocity are reduced as a result, which are examined in the stormwater 
model (see Chapter 7). 
 
The water use for Site 2 was recorded by the users. As the tank water was 
used for irrigation, it was not used during periods of rainfall. The water use 
was dependent on rainfall and computed to approximately 150 L day-1. The 
users ran out of water in January 2009 and filled the tank with mains water. 
This was done using a conventional garden hose and allowed them to 
continue using the irrigation system. The daily reduction to run-off volume 
discharged to the existing system is on average 91%; however, 25.4% of the 
results showed no reduction in discharge throughout the year compared to 
1.40% at Site 1. 
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The risk of not meeting demand in urban areas is minimal where mains 
water is available. Any water that is used from the tank is considered to be a 
water saving. On the other hand, for Site 1 and Site 3, the risk of not meeting 
demand can only be managed by reducing use, increasing tank size or 
importing water by carter. Site 2 shows that if a RWT is designed for 
stormwater control, the water within the tank should be used for other 
purposes other than just irrigation. This is also highlighted by Barry and 
Coombes (2006), who showed that multiple end-uses would significantly 
alter the water savings and the overflow of the systems.  
6.4.2 Water Quality 
6.4.2.1 Introduction 
The previous sections detailed the water quality testing throughout the 
study. The majority of the samples were collected as grab samples, but it has 
been argued that grab samples do not provide detailed information on storm 
events (Lee et al., 2007).  Samples should be taken throughout a storm event 
(Lee et al., 2007); however, this was not feasible, due to limited resources 
available for this study. Where possible, continuous data was collected using 
water quality probes and priority was given to continuous flow and rainfall 
data. Additional data was collected using grab samples. This section 
discusses the water quality results and compares the results to the relevant 
guidelines and previous research. 
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6.4.2.2 Tank Samples 
The heavy metal results of the tank samples varied significantly between the 
sites and were on occasions above the ADWG (2004). The majority of the 
aluminium concentrations for Tank 1 (µT-1=0.371 mg L-1) were above the 
ADWG (2004) guidelines of 0.1 mg L-1 (see Figure 6-8 ), whilst Tank 3 (µT-
3=0.100 mg L-1) was below the guideline, with 25% of the samples above the 
guideline. Tank 2 (µT-2=0.042 mg L-1) and Tank 4 (µT-4=0.027 mg L-1) samples 
were below the guidelines. The variation of heavy metal pollution was 
mainly due to the differences in roof and tank materials, as found by many 
previous studies (Berdhal et al., 2008; Föster, 1996, 1999; Magyar et al., 2007; 
Magyar et al., 2008).  
 
The aluminium results at Site 1 and Site 3 were expected to be higher, as both 
sites have galvanised roofs and Site 1 also has a galvanised tank containing 
aluminium (BlueScope Steel, 2010; Wight, Huddle and Mullens, 2000). It 
should be noted that Site 4 also has a Zincalume® roof and Colourbond® 
tanks; however, results from these samples were significantly lower in 
concentration, because of a protective layer. The aluminium concentration 
could also be linked to location and usage of the tanks, as the users of Tank 1 
are more likely to expose the inside of the tank to atmosphere due to the 
higher volume of drawdown on the tank than at Site 4 (see Figure 6-7). This 
drawdown could expose the inside of the tank more frequently to oxygen, 
thereby likely causing an increase in the rate of corrosion (Askeland, 1998; 
Berdhal et al., 2008). The health risk associated with drinking water from 
Tank 1 is higher than Tank 3, but neither met the ADWG (2004). The non-
potable use of water from Tank 2 and Tank 4 were deemed suitable and are 
considered to be low risk (RWG, 2009). The aluminium concentration in this 
study was lower than those of Sorenson et al. (1974) in the United States of 
America (USA), but similar results were found by Herngren, Goonetilleke 
and Ayoko (2005) on streets in Brisbane. 
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The zinc results showed similarity with the aluminium concentrations, 
because the tanks and roofs are made of Zincalume®. The coating on 
Zincalume® is 55% aluminium, 43.5% zinc and 1.3 % silicon (BlueScope Steel, 
2010). The zinc concentrations for both Tank 1 (µT-1=5.30 mg L-1) and Tank 4 
(µT-4=5.25 mg L-1) were significantly higher (µ1≠µ3 and µ4≠µ3, p<0.05) than 
Tank 3 (see Figure 6-9) and were above the recommended guidelines of 3 mg 
L-1 (ADWG 2004). The higher levels of zinc in Tank 1 and Tank 4 were 
probably due to the protective layer that contains zinc, which can cause the 
higher zinc concentrations in these tanks. The mean and standard deviation 
of Tank 1 and Tank 4 were similar (µ1≠µ4, σ1≠σ4, p>0.05) supporting the 
notion that an increased health risk is likely due to zinc contamination from 
Zincalume® roofs and tanks (enHealth Council, 2004; RWG, 2009). The risk of 
zinc pollution can be significantly reduced using a concrete or plastic tank 
(see Site 2 and Site 3) (enHealth Council, 2004; RWG, 2009). 
 
The zinc concentrations in the study were similar to the roof run-off results 
measured by Thomas and Greene (1993) as well as Herngren, Goonetilleke 
and Ayoko (2005). The study does not support the finding by Duncan (1999) 
who obtained a zinc concentration of 10.2 mg L-1 (±5 mg L-1), which is higher 
than this study (µall=2.63 mg L-1). The data in this study showed that zinc 
concentration from non-zinc roofs was a 2.63 ± 2.20 mg L-1, whilst zinc roofs 
had a concentration of 0.45 ± 0.52 mg L-1. 
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The detection limit for lead testing conducted by SWC Analytical
Laboratories is 0.001 mg L-1 and as can be seen from Figure 6-10, the recorded
lead samples exceeded this detection limit at all sites and exceeded the
ADWG (2004) guidelines twice during the testing period
(ADWG=0.01mgL-1). For Tank 1 and Tank 3 this occurred on the 5 January
2009 (PbT-12+ = 0.050 mg L-1) and 2 March 2009 (PbT-32+ = 0.020 mg L-1)
respectively. Tank 2 also exceeded the ADWG (2004) on the 5 January 2009
and the 27 April 2009. Tank 4 only exceeded the ADWG (2004) on 2 March
2009 (PbT-42+ = 0.016 mg L-1). No flashing or lead was found on Site 1, Site 3 or
Site 4. Site 2 has some flashing, but the tank is not utilised for consumption
purposes thereby reducing the risk associated with the consumption of lead.
The results for Tank 1 and Tank 3 for lead concentrations may be attributed
to Poly (Vinyl Chloride) (PVC) pipes and general atmospheric deposition
(Magyar et al., 2008; O'Connor et al., 2009).
This is of particular concern, as the residents at both Site 1 and Site 3 use their
tank for all in-house purposes, including consumption. Magyar et al. (2007; ,
2008) and O’Connor et al. (2009) found similar lead values in RWT water in
Victoria. Duncan (1999) also showed lead concentration in roof run-off to be
on average 0.054 mg L-1 (± 5.01 mg L-1). The results collected in this study (µT-
all=0.009 mg L-1) was similar to other studies in Australia (Magyar et al., 2007;
Magyar et al., 2008; O'Connor et al., 2009) and are therefore, not considered
unusually high, but the RWT water may not be suitable for human
consumption.
The copper concentrations for all sites ( µT-all=0.221 mg L-1) were well below
the ADWG (2004), but all tank samples had a hardness falling into the soft
range, which is likely to result in corrosion of copper pipe lines.
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Figure 6-8 Aluminium concentration of tap samples from all tanks Figure 6-9 Zinc concentrations in tap samples from all tanks 
The boxplot shows the median (-) and variation (█) of the aluminium concentrations 
in all the tested tanks. The  interquartile range (IQR) of Tank 1 is larger than the other 
tanks, most likely due to the Zincalume® roof and tank. Tank 4 has a corrugated iron 
roof and tanks as well, but are not as old as the tank on Site 1. Site 3 only has a 
corrugated iron roof, therefore having a much lower IQR range. The ADWG (2004) is 
shown and exceeded by Tank 1 and Tank 3. 
The boxplot shows the median (-) and variation (█) of the zinc concentrations in all 
the tested tanks. The  interquartile range (IQR) of Tank 1 and Tank 4 are larger than 
the other tanks, most likely due to the Zincalume® roof and tanks. Tank 4 has a 
corrugated iron roof and tanks as well, but are not as old as the tank on Site 1, 
resulting in a lower median (-). Tank 2 and Tank 3 are both below the ADWG (2004), 
but both Tank 1 and Tank 4 are above the guideline. Tank 1 uses the water for all in-
house purposes and the users are thereby considered at an increased risk of exposure. 
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Figure 6-10 Lead concentrations in tap samples for all tanks Figure 6-11 Copper concentrations for tap samples for all tanks 
The boxplot shows the median (-) and variation (█)  of the lead concentrations in all 
the tested tanks. The  IQR of Tank 2 and Tank 3 are larger than the other tanks, most 
likely due to a larger amount of lead flashing and PVC piping. All tanks have results 
above the ADWG (2004), but the median values are all below the standard. There is a 
risk of exposure; however it is limited and can be managed by reducing the PVC 
piping and utilising filtration. 
The boxplot shows the median (-) and variation (█)  of the copper concentrations in all 
the tested tanks. The IQR of Tank 1 and Tank 3 are larger than the other tanks, most 
likely due to copper waterlines. Tank 2 has PVC irrirgation lines and Tank 4 uses the 
water directly from the tank. All results are well below the ADWG (2004). 
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Figure 6-12 shows the effect on the hardness of water of the materials used to 
construct the RWT. Both Tank 2 and Tank 3 recorded a significantly higher 
hardness (µ1,2≠µ3,4, p<0.05) compared to Tank 1 and Tank 4. This is beneficial 
for the users of Tank 3 as the higher hardness reduces copper corrosion, as is 
shown in Figure 6-12 in comparison to the copper and hardness 
concentrations in Tank 1. A higher hardness would be beneficial to all sites, 
especially because the ADWG (2004) suggest that a good hardness is 
between 60 and 200 mg L-1 CaCO3. The larger value of hardness in Tank 2 
was due to the addition of mains water. On the 18 January 2009, mains water 
was added into the RWT, because it had reached a low volume as a result of 
high levels of water use. Mains water in the area has a typical value between 
35 and 62 mg L-1 CaCO3, thereby increasing the hardness of water within the 
RWT (Sydney Water, 2007b).  
 
TN is an important pollutant for receiving water bodies, but in respect to 
drinking water, the ADWG (2004) have made recommendations in regards to 
nitrate, nitrite and ammonium. The nitrite samples for the taps on all tanks 
were well below the recommended guidelines and close to the detection limit 
of the adopted methods. Nitrate showed a greater fluctuation within the 
samples (see Figure 6-13), but fell well below the ADWG (2004) of 50 mg L-1. 
The nitrate samples in Site 2 (µT-2=0.46 ± 0.10 mg L-1) showed similar results 
as the mains water (0.35-2.89 mg L-1) in the area, which therefore did not 
show any fluctuation as a result of the adding of mains water (Sydney Water, 
2007b). 
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Figure 6-12 Hardness for tap samples for all tanks Figure 6-13 Nitrate concentrations for tap samples for all tanks 
The boxplot shows the median (-) and variation (█)  of the hardness in all the tested 
tanks. The IQR of Tank 2 and Tank 3 are larger than the other tanks, because of the 
concrete tiles on Site 2 and the concrete tank on Site 3. All tanks have results below the 
soft water range of the ADWG (2004). Results below 60 mg L-1 can be corrosive to 
copper lines, partily explaining the copper corrosion in Tank 2 and Tank 3, as well as 
the aluminium and zinc corrosion in Tank 1 and Tank 4. 
The boxplot shows the median (-) and variation  (█) of the nitrate concentrations in all 
the tested tanks. The IQR of Tank 4 is larger than the other tanks. All tanks have 
results well below the ADWG (2004). Tank 3 has a signficantly lower concentration of 
nitrate, most likely as a result of the first-flush removing the run-off with the higher 
concentrations of nitrates. 
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The long-term recommended trigger value for TP in collected roof run-off 
used for irrigation is 0.05 mg L-1. This can be increased to 0.2 mg L-1 if the 
algal bloom in their irrigation system are acceptable and maintained (RWG, 
2009). The RWG (2009) indicate that it is not practical to reduce the TP 
concentrations in roof water for domestic applications. The average TP 
concentrations in the tap samples were 0.179 ± 0.20 mg L-1, which is above 
this guideline. The variation of the TP concentrations of each of the tank 
samples is shown in Figure 6-14. The results were similar to those found by 
Duncan (1999) (0.15 ± 1.95 mg L-1) and slightly below the roof run-off TP 
concentrations found by Miguntanna (2009) (1.85 mg L-1). 
 
The microbiological contamination in tanks used for drinking water is to be 
minimal especially in regards to pathogenic contaminants (enHealth Council, 
2004). The ADWG (2004) states that E. coli concentrations should not be 
detected and the enHealth guidelines indicate that the microbial quality of 
RWT water is ‘not as good as urban water supplies’ (enHealth Council, 2004, 
p. 2). E. coli was detected above 1 cfu 100 mL-1 for at least 75% of the tank 
samples (see Figure 6-14). The outliers (denoted as * in Figure 6-14) for the 
tanks were attributed to low water levels and long antecedent dry periods, 
resulting in an increased concentration of faecal contamination levels in the 
roof run-off and tank water. Lower water levels reduce the effect of dilution 
and the longer antecedent dry period increases the likelihood and build-up 
of faecal contamination from wildlife on the roof. In addition, the low water 
levels can potentially cause significant mixing of the water column as a 
results of a rainfall event. It is possible that a biofilm or the air/liquid 
interface are broken up and mixed throughout the small water column 
during low water levels and a rainfall event. 
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The mixing of the water column could potentially increase faecal 
contamination at the bottom of the tank (see Section 6.4.). It has been 
suggested that a RWT should not be grossly over-designed to ensure that the 
biofilm is removed from the tank on a regular basis (van Olmen, 2009). This 
could be done by ensuring that the roof size and usage of the water is 
sufficient for the site, thereby finding a balance between the formation and 
cleaning out of the biofilm or air/liquid interface. 
 
The results of the enumeration of E. coli showed lower concentrations than 
reported by McCarthy et al. (2008) in stormwater run-off (50 to 34,770 cfu 100 
mL-1). The difference is attributed to the different surface areas contributing 
to the stormwater run-off tested by McCarthy et al. (2008). Roofs are 
considered to have lower concentrations of E. coli than other impervious 
areas, as can be seen from Figure 6-14. Tank 1 and Tank 3 have smaller 
variations of E. coli concentrations. The enHealth guidelines (2004, p. 12) also 
indicate that there is ‘no measurable difference in rates of gastrointestinal 
illness in children who drank rainwater [sic. tank water]  compared to those 
who drank mains water’, but also indicates that those who are 
immunocompromised are at a much greater risk. The results in this thesis 
support that care needs to be taken in regards to human consumption of 
RWT water. 
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The TC revealed a similar trend and outliers as the E. coli enumeration (see 
Figure 6-16). Drinking water guidelines have not been set for this indicator 
(ADWG, 2004). The TC counts in this study (rangeall: 0 to 700 cfu 100 mL-1) 
are of the same magnitude as the expected results between 400 and 542 cfu 
100 mL-1 (Coombes et al., 2006; Coombes, Kuczera and Kalma, 2000c; 
Duncan, 1999; Evans, Coombes and Dunstan, 2006; Fletcher et al., 2004). The 
outliers for Tank 4 and 95% of the samples for Tank 3 are above the expected 
values. The outliers in Tank 4 occurred on the 25 May 2009 (TCT-4=1100 cfu 
100 mL-1; TCT-4=690 cfu 100 mL-1) and are likely the result of a long 
antecedent dry period (see Figure 6-3, on page 208). Tank 3, on the other 
hand, has a greater distribution (σT-3=111 cfu 100 mL-1) of TC, but has a skew 
and median in the lower range of the distribution. 
 
The TTC enumeration showed a similar trend to E. coli (see Figure 6-17). The 
outliers for Tank 1 and Tank 2 on the 2 February 2009 were excluded from 
the TTC analysis as they were too numerous to count (TNTC). All TTC 
showed a skew towards the lower range of records. The collected data is 
similar to the roof water and RWT water results of Duncan (1999), Evans, 
Coombes and Dunstan (2006) and Mobbs (1998). Overall, the risk associated 
with the consumption of water from Tank 1 and Tank 3 was lower than Tank 
2 and Tank 4. The risk associated with using any of these tanks for non-
potable uses would be minimal, as all values are below 150 cfu 100 mL-1 for 
primary contact (AFWG, 2000a, 2000b; enHealth Council, 2004; RWG, 2009). 
Care should be taken when consuming the RWT water immediately after a 
rain event and by those who are immunocompromised. Overall, the risk of 
exposure could be minimised by regular cleaning of gutters and the use of a 
first-flush device. 
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Figure 6-14 Total phosphorous in tank samples Figure 6-15 E. coli enumeration from the five RWT samples 
The boxplot shows the median (-) and variation (█) of the TP in all the tested tanks. The 
IQR of Tank 1 and Tank 3 are larger than the other tanks. Tank 1, Tank 3 and Tank 4 
have values above the RWG (2009), but those in Tank 3 and Tank 4 are considered 
extremes (*) and occur only once. Tank 1, in addition to exceeding the RWG (2009), also 
has an outlier (○). 
The boxplot shows the median (-) and variation (█) of the E.coil enumeration in all 
the tested tanks. The IQR of Tank 2 and Tank 4 are larger than the Tank 1 and Tank 3. 
The majority of the results are above the ADWG (2004), but the risks to users of Tank 
2 and Tank 4 is limited, as the stored water is only used for irrigation and waterplay. 
The risk of exposure to the users of Tank 1 and Tank 3 is higher than for the other 
tanks, but the enumeration results are lower.  
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Figure 6-16 Total coliforms enumeration in RWT samples Figure 6-17 Thermotolerant coliforms enumeration in RWT samples 
The boxplot shows the median (-) and variation  (█)  of the TC counts in all the grab 
samples for the tanks. The IQR of Tank 3 is larger than the other tanks. The risks to 
users of Tank 2 and Tank 4 is limited, as the stored water is only used for irrigation 
and waterplay. The risk of exposure to the users of Tank 1 and Tank 3 is higher than 
for the other tanks, but supports additional microbiological testing for Tank 3, as per 
ADWG (2004). 
The boxplot shows the median (-) and variation (█) of the TTC counts in all the grab 
samples for the tanks. The IQR of Tank 2 is larger than the other tanks. The risks to 
users of Tank 2 and Tank 4 is limited, as the stored water is only used for irrigation 
and waterplay. The risk of exposure to the users of Tank 1 and Tank 3 is higher than 
for the other tanks, but supports additional microbiological testing for Tank 1, as per 
ADWG (2004). 
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Figure 6-18 shows the turbidity results for all tanks. The result of the 19 
January 2009 for Tank 1 and Tank 3 are excluded from the graph, as the 
results were 36.5 and 53.7 NTU, respectively, and considered extremes. Tank 
1 (σT-1=6.73 NTU) showed a greater variation in turbidity and is attributed to 
the location and size of the tank (Thomas and Greene, 1993). In total 33% of 
the readings of Tank 1 (µT-1=5.77 NTU) were over the recommended ADWG 
(2004) of 5 NTU, while Tank 2 had 8% of the samples exceeding the 
guideline. The samples from Tank 3 and Tank 4 exceeded the ADWG (2004) 
at only 2% of the sampling occasions. This is in contrast with the results of 
Mobbs (1998), where the RWT did not exceed the ADWG (2004) at all 
throughout a year of monthly sampling. It should be considered that testing 
was conducted on a weekly basis for this study, instead of monthly as in 
Mobbs (1998) and as settlement of solids is often associated with turbidity, 
this could give different results than monthly grab samples. The increases in 
turbidity from the tank samples are attributed to the tanks not being used. 
The users of Tank 1, Tank 3 and Tank 4 were on extended holidays in 
December 2008 and January 2009, when the results showed outliers occurred. 
The users of Tank 2 did not require irrigation in August 2009, again showing 
an increase in turbidity levels. 
 
The second attribute influencing the turbidity levels is the impact of rain on 
the volume remaining in the tank. This is also one of the reasons Han and 
Mun (2008) suggest using a 3 m deep tank. Tank 1 is small and has 
significant use, resulting in low water levels on a regular basis. During 
rainfall events, the rain is likely to disturb the sediment in the bottom of the 
tank if the water levels are low. Tank 2 also had extremely low levels in 
February and March 2009, resulting in high turbidity levels after a rainfall 
event. Other contributors have been the dust storm of 23 September 2009 in 
Sydney, which resulted in only a small increase of turbidity in Tank 1, Tank 3 
and Tank 4 on the 6 October 2009. The impact of rain is further discussed and 
highlighted in Section 6.4. 
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The DO concentrations for Tank 1 were significantly different (see Figure 
6-19) (µ1≠µ2,3,4, p<0.05) than the DO concentrations for all other tank samples. 
The distribution of the results was also significantly different between Tank 
1, Tank 2 and Tank 3, but were similar to Tank 4 (σ1 ≠ σ2 ≠ σ3; σ1, σ2,σ3=σ4 
F<1.64). The DO was in the acceptable range for the ADWG (2004) for Tank 
2, Tank 3 and Tank 4, but for Tank 1 it was mainly below the recommended 
guideline of 85% saturation (ADWG, 2004). 
 
This could be an indication of more oxygen consuming processes taking 
place in Tank 1, for example, corrosion and microbial growth, but Chemical 
Oxygen Demand and Biological Oxygen Demand were not tested for in this 
study and therefore this hypothesis cannot be confirmed. 
 
The pH was expected to be approximately 6.5 (Coombes, Kuczera and 
Kalma, 2000a; Duncan, 1999; Herngren, Goonetilleke and Ayoko, 2005; 
Thomas and Greene, 1993) and the average results for Tank 1 (µT-1=6.51) and 
Tank 4 (µT-4=6.51) were not statistically different from a pH of 6.5 (µ≠6.5, 
p>0.05). The pH for Tank 1 and Tank 4 fell below the ADWG (2004) 
guideline of 6.5. Site 2 (µT-2=6.75) and Site 3 (µT-3=6.69) were mostly within 
the guidelines (see Figure 6-20). The high readings with the HACH HQ 40D 
seemed to have occurred when the probe was unstable. This occurred, in 
particular, during testing between 8 December 2008 and 15 January 2009. 
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Figure 6-21 shows the distribution of the grab and continuous samples of 
Tank 1 and Tank 2. At a 95% confidence level, the mean pH of Tank 1 for the 
grab and continuous results is significantly different (µgrab≠µcontinuous, p<0.05), 
but the standard deviation was considered to be similar (σgrab≠σcontinuous, 
F<1.60). Tank 2 on the other hand, at 95% confidence level, had a similar 
mean pH between the continuous results (µcontinuous=7.89) and the grab 
samples (µT-2=6.75) (µgrab≠µcontinuous, p>0.05), however the samples were 
significantly different in respect to the standard deviation (σgrab≠σcontinuous, 
F>1.60). 
 
Figure 6-20 and Figure 6-21 clearly show that Tank 2 (µT-2=6.75) and Tank 3 
(µT-3=6.69) had higher means for the pH. This is attributed to the concrete 
tiles as a roofing material at Site 2 and the concrete tank of Site 3, increasing 
the pH of the water sampled, which was similar to the results presented by 
Thomas and Greene (1993) and Mendez et al. (2011). Site 1 (µT-1=6.51) and 
Site 4 (µT-4=6.51) have Zincalume® and Colourbond® roofs and therefore had 
a lower pH. The main cause for the pH increase in concrete roofs was 
attributed to efflorescence (Berdhal et al., 2008). Calcium hydroxide reacts 
with carbon dioxide in the air producing calcium carbonate, which is 
transported into the tank during a rain event. The calcium carbonate in the 
tank dissolves and neutralises the pH.  
 
The results for pH found in this study were higher than Duncan (1999) (5.7 ± 
1.1), but similar to Thomas and Greene (1993) (6.8 to 7.0). Duncan (1999) 
analysed values from around the world, which could have brought the mean 
result down due to acid rain in the Northern Hemisphere. Bridgman et al. 
(1989; , 1988) indicated that severity of acid rain in Australia and New 
Zealand is significantly lower than other parts of the world, which could 
explain the higher readings in this study and by Thomas and Greene (1993) 
in comparison to Duncan (1999).  
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Figure 6-18 Turbidity results for all tap samples Figure 6-19 Dissolved Oxygen of all grab samples from all tanks 
The boxplot shows the median (-) and variation (█) of the turbidity in all the grab 
samples for the tanks. The IQR of Tank 1 is larger than the other tanks and exceeds the 
ADWG (2004) for 40% of the samples. The other tanks have a number of outliers (○) and 
extremes (*) but the remainder of the results are within the ADWG (2004). 
The boxplot shows the median (-) and variation (█) of the dissolved oxygen in all the 
grab samples for the tanks. The IQR of Tank 1 is larger than the other tanks and the 
median is below the recommended guidelines. The other tanks have smaller IQR’s 
and are within the recommended concentrations range. 
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Figure 6-20 pH of all the tank samples Figure 6-21 pH results from continuous and grab sample probes 
The boxplot shows the median (-) and variation (█) of the pH in all the grab samples 
for the tanks.  
The boxplot shows the median (-) and variation (█) of the grab samples and 
continuous samples pH for Tank 1 and Tank 2.  
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The conductivity concentrations were expected to be between 15 and 297 µS 
cm-1 (Camp Scott Furphy Pty Ltd, 1991; Herngren, Goonetilleke and Ayoko, 
2005; Thomas and Greene, 1993). The recorded results fell mostly within this 
range. Figure 6-22 shows the conductivity levels for all four sites. Tank 1 
showed outliers from 12 July 2009 to 28 September 2009, which is attributed 
to extremely low water levels (see Figure 6-7 in Section 6.4.1). This was also 
evident in Tank 3, where the outliers were observed during a lower volume 
in the tank. Figure 6-22 also shows that Tank 2 (µT-2=114 µS cm-1) and Tank 3 
(µT-3=90.9 µS cm-1) had a higher conductivity than Tank 1 (µT-1=50.8 µS cm-1) 
and Tank 4 (µT-4=38.9 µS cm-1). Thomas and Greene (1993) discussed that the 
higher conductivity was likely to be the result of concrete on their sites, 
which is supported by the results from this study. 
 
Tank 2 showed a distinct increase in conductivity levels around the 18 
January 2009 until the 6 April 2009 and is perhaps due to mains water added 
to the tank (see Figure 6-22 and Figure 6-24). Conductivity of mains water 
supplied by the North Richmond filtration Plant is 260 to 430 µS cm-1, which 
was significantly higher than the conductivity in the collected rainwater and 
of a similar value as the recorded conductivity of the mains water in Tank 2 
(Sydney Water, 2007b). 
 
It is also evident in Figure 6-22, Figure 6-23 and Figure 6-24 that both the 
grab and continuous sample results for Tank 2 showed outliers occurring 
within the same period. The mean of Tank 2 was considered significantly 
different (µgrab≠µcontinuous, p<0.05), but the standard deviation was not 
significantly different (σgrab≠σcontinuous, F<1.41). The change in the mean was 
the result of the frequency of testing. Tank 1 had a more stable conductivity 
readings and with a 95% confidence level both the mean and standard 
deviation were not significantly different between the grab and continuous 
samples (µgrab≠µcontinuous, p>0.05, σgrab≠σcontinuous, F<1.41, respectively). 
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Figure 6-22 Conductivity for all tank samples Figure 6-23 Conductivity for the continuous samples of Tank 1 and 
Tank 2 
The boxplot shows the median (-) and variation (█) of the conductivity in all the grab 
samples for the tanks. The results for Tank 2 and Tank 3 are significantly higher than 
those for Tank 1 and Tank 4. The outliers are shown for all tank (○) and the extremes 
for Tank 1 and Tank 2 are also shown (*). The conductivity for Tank 2 clearly indicates 
a rise between the 18 and 27 January 2009 in conductivity readings as a results of the 
mains water. 
The boxplot shows the median (-) and variation (█) of the continuous conductivity 
samples for Tank 1 and Tank 2. The results for Tank 1 shows a larger IQR, than Tank 
2, whilst Tank 2 shows higher and more extreme values (*). The outliers are perhaps 
due to mains water being added to the tank. 
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Figure 6-24 Conductivity results for Tank 2 Figure 6-25 Temperature for grab and continuous samples 
for all tanks 
The graph shows the temporal variation of the continuous conductivity reading in Tank 2. In 
January mains water was added to the tank, resulting in a spike in conductivity levels equivalent to 
the average conductivity readings in the mains water sourced from the North Richmond Water 
Filtration Plant. 
The boxplot shows the median (-) and variation (█) of the temperature 
for the continuous and grab samples for all sampled tanks. The tanks all 
show very similar IQR and median values. In addition, the temperature 
was very stable, resulting in no outliers for the testing period. 
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The temperature for drinking water is recommended to be below 20 ºC 
(ADWG, 2004) and the results showed that some of the temperature readings 
were above those guidelines (see Figure 6-25). The results for Tank 2 (µT-
2=20.3oC) and Tank 4 (µT-4=18.9oC) had a higher mean than Tank 1 (µT-
1=17.9oC) and Tank 3 (µT-3=18.4oC). This is attributed to the heat absorption of 
the materials (metal versus concrete) and the positioning of the tank, as both 
Tank 2 and Tank 4 are positioned in full sun from approximately 11am until 
approximately 3pm. The mean of the grab and continuous data was 
significantly different for Tank 1 (µgrab≠µcontinuous, p<0.05), but the standard 
deviation was similar (σgrab≠σcontinuous, F<1.43). The mean and standard 
deviation for the continuous and grab samples for Tank 2 were similar 
(µgrab≠µcontinuous, p>0.05, σgrab≠σcontinuous, F<1.43). 
 
The material of the dark roof and of the RWT at Site 2 are expected to 
degrade faster as darker material absorbs solar radiation more efficiently. In 
addition to faster degradation of the materials, solar absorption of these 
materials also increase the temperature in the RWT (Berdhal et al., 2008). 
Furthermore, both RWT on Site 4 also showed increased temperatures due to 
the material of the RWT. The temperature within the RWT was directly 
related to the actual temperature, as expected (Schets et al., 2005).  
 
The volume of water within the tank and the site temperature were expected 
to alter the concentrations of some of the characteristics and pollutants. 
Chapter 3 showed that the heat exchange laws have a direct influence on the 
tank, but are controlled by the material of the tank, the site temperature and 
the volume of water within the tank. The laws of heat exchange identify that 
water requires a significant amount of heat to increase one degree in 
temperature (Manahan, 1975; Verkerk et al., 1992). 
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A correlation analysis was conducted between the temperature within the 
tank and the recorded site temperature, as well as the volume of water in 
stored in the tanks. Only Tank 1, Tank 2 and Tank 3 included depth gauges 
and for all these sites, the correlation between tank temperature, site 
temperature and volume within the tank are significant. The regression 
analysis revealed that only site temperature was a significant indicator (p 
<0.001). The resulting regression equation for the temperature within the 
tanks has a coefficient of determination (R2) of 0.734 and a standard error of 
±2.3 oC (Equation 6-12). 
 
                      , Equation 6-12 
 
where Ttank is the temperature in the tank (ºC) and Tsite is the site temperature 
(ºC). 
 
The normalised probability plot of the observed and expected cumulative 
probability of the regression residual is shown in Figure 6-26, which shows 
that the residuals are approximately normally distributed. The 5% and 95% 
confidence intervals are shown in Figure 6-27. As expected there is not a one 
to one ratio of air temperature increase to tank temperature increase, as the 
heat exchange coefficient of water is greater than that of air (Verkerk et al., 
1992), which means a greater change in air temperature is required to 
increase the water temperature within the tank. The change of temperature is 
also influenced by tank material, water volume and location of the tank, but 
as indicated by the analysis described above not considered significant 
indicators. 
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The temperature influences the solubility of gasses, which was evident with 
the fluctuation of the DO concentration within the RWT. The regression 
analysis identified that temperature had a notable influence, but no 
statistically meaningful equation could be identified (R2=0.149). This is also 
the case for the pH, conductivity and turbidity, which were all influenced by 
the RWT temperature, but no significant regression equations could be 
developed. It is, however, shown in the analysis that volume within the RWT 
had no statistically significant influence on any of these parameters 
(including temperature) (p>0.15). 
 
In summary, the materials of the RWT and roof largely govern the water 
quality within the RWT. The galvanised steel (and Zincalume® or 
Colourbond®) roofs and RWT are likely to add significant concentrations of 
aluminium and zinc to the water supply, as the aluminium and zinc coating 
is the sacrificial layer. The polypropylene RWT, PVC piping and lead 
flashing increase the lead concentrations within the RWT, whilst concrete 
increases the hardness and conductivity in the RWT. A lower hardness can 
also increase the scaling and therefore concentration of copper in the RWT 
and plumbing. 
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Figure 6-26 Normalised probability plot of the observed and expected 
cumulative probability of the temperature regression equation 
Figure 6-27 Site temperature versus the tank temperature 
 
The graph shows that the observed and expected temperature follows a normal 
probability therefore showing that the residuals are normally distributed. 
The scatter plot shows the site temperature and the recorded average tank 
temperature. The line of best fit (- -) with a coeficient of determination  of (R2=0.734), is 
bounded with the 5% and 95% confidence intervals (-). The variation in tank 
temperature is due to the variation in site temperature. 
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All tanks exceeded the E. coli enumeration standard of less than
1cfu100mL-1. As E. coli is an indicator of pathogens, the results showed that
treatment prior to consumption is desirable. The average person might not
contract any gastrointestinal illness from drinking the water within these
tanks (enHealth Council, 2004), but those with fragile immune systems (the
elderly, the very young and the immunocompromised) should take suitable
precautions when consuming RWT water. The relation between storm events
and E. coli concentrations is further discussed in Section 6.4.3.
Fluctuations in temperature can be controlled by position of the tank,
material of the tank and the size of the tank, but are mainly influenced by the
site temperature. The developed regression equation can be utilised to
estimate the temperature within the tank and thereby identify if the tank
water is above or below the recommended guidelines. Furthermore, an
indication of temperature is also beneficial in determining likely growth and
decay rates of microbes and solubility of gasses. The equation can also be
utilised by designers, tank owners and regulating authorities to assess the
risk of temperature changes in the RWT.
Cunliffe’s (1998) guidance on the use of RWT is often adopted for the
selection, installation and maintenance of RWT, and most of his
recommendations are supported by the data presented in this thesis, such as
the effect of concrete materials on the tank water’s pH and the minimisation
of lead flashing and sewer grade PVC.
In addition to the recommendations made by Cunliffe (1998), this research
also showed the effect of Colourbond® and Zincalume® materials on the
aluminium concentration in the RWT. Furthermore, this thesis also showed
that concrete can affect the hardness of the water and in turn the corrosion of
copper lines.
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The enHealth Council (2004) has developed more up to date guidelines. In 
these guidelines, it is suggested that water collected from roofs in RWT can 
be suitable for use in hot water services, showering, laundering, toilet 
flushing and irrigation. It is often recommended that RWT water is used only 
for irrigation and toilet flushing, but not for laundering or hot water. The risk 
associated with washing clothes in RWT water or with cleaning the house 
using RWT water is minimal (Holländer, Block and Walter, 1993; Schets et 
al., 2005; van Olmen, 2009) and should be implemented to reduce mains 
water demand and increase the use of the water in the RWT. The enHealth 
Council (2004) guidelines suggest that urban pollution can cause the water in 
the RWT to be more polluted; however, RWT water has been successfully 
used in the major cities in Europe for these purposes (van Olmen, 2009). The 
guidelines also state that the water should be used with care in those areas 
without reliable mains water. It is more critical to ensure the tank is installed 
and maintained properly in those instances where the water is used for 
human consumption. As was shown in this chapter, the RWT water can have 
some contaminants, but proper maintenance and use can reduce the risks 
from direct consumption and other usages. 
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6.4.2.3 Overflow Samples 
A very limited amount of data was available for overflow water quality. 
Most RWT water quality testing focuses on the potable or non-potable 
quality of the RWT water. In regards to stormwater management, the 
overflow quality is of a much greater concern; therefore, three overflows 
(Overflow 1, Overflow 2 and Overflow 3) were tested throughout the 
research study. The water quality of the first 2500 mL of overflow occurring 
at these sites varied significantly. Figure 6-28 shows the variation in the 
concentration of aluminium in the overflow samples. The concentrations for 
aluminium (minO-all=0.020 mg L-1) were all above 0.8 µg L-1 guideline for a 
pH greater than 6.5. For Overflow 1, 90% of the readings, and Overflow 3, 
70% of the readings were over the freshwater guideline of 55 µg L-1(AFWG, 
2000a, 2000b). Figure 6-28 clearly shows that both Overflow 1 and Overflow 
3, which have galvanised roofs on-site, recorded a higher reading for 
aluminium. Overflow 1 had a higher reading than Overflow 3, which is 
attributed to the galvanised tank on Site 1, in contrast to the concrete tank on 
Site 3.  
 
North Richmond Water Filtration Plant takes its raw water directly from the 
Hawkesbury-Nepean River (Sydney Water, 2010a). The raw water annual 
water quality from 1 October 2008 to 30 September 2009 indicated an average 
aluminium concentration of 0.083 mg L-1, with a maximum of 0.398 mg L-1 
(Sydney Water, 2009b). As can be seen from Figure 6-30, the overflow results 
fell within the values of the Hawkesbury-Nepean River. This could indicate 
that although the aluminium concentrations were above the AFWG (2000a, 
2000b) they had similar concentrations as the receiving water and thereby 
would have a limited effect on the receiving waters.  
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The zinc concentrations for the overflow samples showed a similar response 
to the site materials, with higher concentrations for Overflow 1 and Overflow 
3 as a result of the galvanised roofs and tank (see Figure 6-29). All recorded 
zinc (minO-all=0.050 mg L-1) results were above the AFWG (2000a, 2000b) of 8 
µg L-1. The results for Overflow 1 on the 25 November 2008 and 12 January 
2009 and for Overflow 3 on the 25 November 2008 have been excluded from 
the plot as they have been shown to be extreme values. 
 
The RWG (2009) indicate that the zinc concentrations in water stored from 
zinc coated roofs exceeded the long and short term trigger values in the 
AFWG (2000a, 2000b) and can be toxic to plants. It is, therefore, 
recommended in the RWG (2009) to have low irrigation rates to protect the 
plants and to minimise contamination of the soils. This would mean that the 
overflows discharging from Site 1 and Site 3 should be properly treated prior 
to discharging it into the existing drainage system. In addition, allowing the 
overflow to discharge overland could cause the soils in the vicinity of the 
overflow to have higher concentrations of zinc and other metals, which can 
be harmful to plants. Figure 6-29 shows that sites without Zincalume® or 
other zinc coated materials (such as Site 2) had a much lower risk, as the zinc 
concentrations were significantly lower than those of Overflow 1 and 
Overflow 3. 
 
The majority of the lead results for the overflow of all three sites (minO-
all=0.001 mg L-1) were above the AFWG (2000a, 2000b) guideline of 34 µg L-1 
(see Figure 6-30). Overflow 2 had a greater variation   
 - 
         
         -   as lead flashing is used on the roof and conventional PVC pipes 
are used as downpipes.  
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Figure 6-28 Aluminium concentrations for all overflows Figure 6-29 Zinc concentrations for all overflows 
The boxplot shows the median (-) and variation (█) of the aluminium of the three 
overflows. Overflow 1 and Overflow 3 have a higher median and greater IQR than 
Overflow 2. Overflow 2 has all results within the AFWG (2000a, 2000b), whilst 
Overflow 1 and Overflow 3 are mostly higher than the guidelines. This difference may 
be attributed to the use of galvanised roofs and tank. One outlier (○) was recorded for 
Overflow 3. 
The boxplot shows the median (-) and variation (█) of the zinc concentrations of the 
three overflows. Overflow 2 has a smal IQR and has results close to the AFWG (2000a, 
2000b). Overflow 1 and Overflow 3 have a significantly higher median and greater 
IQR. A number of outliers (○) and extremes (*) were recorded for both Overflow 1 and 
Overflow 3. The extremes (*) for 25 November 2008 for Overflow 1 and Overflow 3, as 
well as the extreme values (*) on 12 January 2009 for Overflow 1 are not shown on the 
graph, as they exceeded 1000 mg L-1. 
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The copper concentrations in the overflow also varied, but showed a 
narrower distributions and similar results between overflows. A comparison 
of the mean copper concentrations indicated that at 95% confidence interval 
the mean values (µo-1=0.152 mg L-1; µo-2=0.009 mg L-1; µo-3=0.006 mg L-1) were 
similar (µ1,2≠µ3, p>0.05), but all results were above the AFWG (2000a, 2000b) 
(AFWG=0.0014 mg L-1) (see Figure 6-31). According to the RWG (2009) 
copper concentrations greater than 0.2 mg L-1 can be toxic to plants. The 
extreme values, not shown in Figure 6-31, were all above the RWG (2009) 
and can therefore be a potential threat to the plants growing in the overflow 
discharge path. The extreme outliers for 25 November 2008 were 1.30 mg L-1 
and 1.49 mg L-1 for Overflow 1 and Overflow 3, respectively and 2.44 mg L-1 
for the outlier in Overflow 1 on 19 January 2009. 
 
The outliers for the copper concentration occurred on the same day as those 
outliers for lead and zinc concentrations (see Figure 6-29 and Figure 6-30). As 
the blanks (method, site and trip) did not identify any error it is hypothesised 
that the humidity and warmth of summer increases the degradation, as 
identified by Berdahl et al. (2008), thereby increasing the pollutant wash-off. 
In addition, the drawdown on Tank 1 can also increase the corrosion, 
because of wetting, drying and exposure to oxygen on the inside of the tank. 
It should be noted that the hardness was below the AFWG (2000a, 2000b) 
criteria of 30 mg L-1 CaCO3, which allows the heavy metals guidelines to be 
applied to the test results (see Figure 6-32). All the hardness results were also 
below the recommended guideline of lowland rivers (AFWG, 2000a, 2000b). 
Overflow 2 (µo-2=26.5 mg L-1) and Overflow 3 (µo-3=13.1 mg L-1) were 
significantly higher than Overflow 1 (µo-1=5.18 mg L-1), which are likely to be 
contributed by the concrete on Site 2 and Site 3. 
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Figure 6-30 Lead concentrations for all overflows Figure 6-31 Copper concentrations for all overflows 
The boxplot shows the median (-) and variation (█) of the lead concentration in the 
three overflows. Overflow 1 and Overflow 3 have a higher median, but  Overflow 2 
has a greater variation and IQR. The majority of the results are above the AFWG 
(2000a, 2000b) trigger value. An outlier (○) was recorded for Overflow 3 and two 
extremes (*) were recorded for Overflow 1.  
The boxplot shows the median (-) and variation (█) of the cpper concentration in the 
three overflows. All overflow have a similar median an are over the the trigger value 
for copper in the AFWG (2000a, 2000b). The results are all within the RWG (2009), 
except for the three extreme outliers not shown in the boxplot. These outliers were 
1.30 mg L-1 and 1.49 mg L-1 for Overflow 1 and Overflow 3 (25 November 2008) and 
2.44 mg L-1 for Overflow 1 (19 January 2009). The remainder of the outliers (○) and 
extremes (*) are shown, but are all within the RWG (2009).  
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Figure 6-32 Hardness of all overflows Figure 6-33 Total Phosphorous of all overflows 
The boxplot shows the median (-) and variation (█) of the hardness in the three 
overflows. Overflow 1 and Overflow 3 have a lower median than Overflow 2. All 
overflows are within the AFWG (2000a, 2000b) and therefore the trigger values in the 
AFWG (2000a, 2000b) can be applied to the heavy metals. A number of outliers (○) 
and extremes (*) are recorded for Overflow 1, which occur on the same dates as the 
extremes for zinc and copper. 
The boxplot show the median (-) and variation (█) of the TP concentration in the three 
overflows. Overflow 1 and Overflow 3 have a higher median than Overflow 2 and 
Overflow 3 has greater IQR than Overflow 2 and Overflow 1. All results are above the 
AFWG (2000a, 2000b) and the RWG (2009) and therefore require the management of 
phosphorous discharges into the receiving systems. 
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The TP concentrations (µo-all=0.976 mg L-1) however, were all above the 
AFWG (2000a, 2000b) (0.050 mg L-1) and RWG (2009). Overflow 1 had one 
extreme value on 5 January 2009 and an outlier on 26 June 2009. The overall 
TP concentrations for Overflow 3 were significantly higher than Overflow 1 
and Overflow 2, which may be attributed to the eucalyptus blossom and 
other plants in the area. According to the RWG (2009), the short-term impact 
on soils for phosphorus contamination is low. It is suggested that 
phosphorous levels be reduced by using bio-retention and filtration systems 
to minimise the effect of phosphorus contamination on receiving waters. The 
overflow from these RWT should, therefore, be directed to a filtration or 
retention system to minimise wash-off of TP to the receiving water bodies. 
The nitrate concentrations for Overflow 2 were higher than those for 
Overflow 1 and Overflow 3 (see Table 6-15). All of the nitrate concentrations 
were well below the AFWG (2000a, 2000b) (600 µg L-1) and the RWG (2009) 
(30 mg L-1). 
 
Table 6-15 Nitrate concentrations of all overflows 
Overflow 
Test 1 
(mg L-1) 
Test 2 
(mg L-1) 
1 0.200 0.300 
2 0.360 0.370 
3 0.250 0.320 
 
In Chapter 3, it was shown that E. coli, TTC, TC and Enterococci spp. counts 
can vary significantly between different sources, but that values above the 
guideline can be expected in RWT. The results from the overflows also 
showed this high variation. Overflow 1 (µo-1=117x103 cfu 100 mL-1) exceeded 
the primary contact standard for faecal coliforms (150 cfu 100 mL-1) once, 
whilst one of the results for Overflow 2 (xo-2=82 cfu 100 mL-1) and three of the 
results for Overflow 3 (xO-3=4400 cfu 100 mL-1) exceeded this value. One of 
the values of Overflow 2 also exceeded the secondary contact guideline. 
Table 6-16 shows the variability of E. coli in the overflow samples.  
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One of the high readings for Overflow 3 could be attributed to minimal 
flows, as there was only a 100 mL of sample collected. The TTC results for 
Overflow 1 all fell within the secondary contact guidelines and 75% of the 
results fell within the primary contact guideline. Overflow 2 had only two 
readings: one within primary contact guidelines and the other above 
secondary contact guidelines. The difference in the enumeration of the E. coli 
coliforms may be due to discharge volume, time elapsed between different 
storm events, and environmental condition, and the total indicator organisms 
in the run-off entering the tank during an event. The higher readings were 
found to occur in summer, which was similar to the findings by van Olmen 
(2009), who indicated that higher temperatures in the water may potentially 
increase the enumeration of indicator organisms. Only Overflow 1 was 
consistently below the maximum Hawkesbury-Nepean River enumeration 
guide of 250 cfu 100 mL-1 for the same period (Sydney Water, 2009b). 
 
Table 6-16 Number of overflow results for various hazard levels of E. 
coli enumeration 
Overflow 
Primary Contact 
<150 cfu 100 mL-1 
Secondary Contact 
150-1000 cfu 100 
mL-1 
Exceeds Secondary 
Contact 
>1000 cfu 100 mL-1 
1 3 1 0 
2 1 0 1 
3 2 1 2 
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The Enterococcus sp. enumeration results in the overflows were above the 
guidelines of 35 cfu 100 mL-1 (AFWG, 2000a, 2000b), except for four samples 
(see Table 6-17). 
 
Table 6-17 Enterococcus sp. results of all overflows 
Overflow 
Mean 
cfu 
100mL-1 
Primary 
Contact 
<35 cfu 100 
mL-1 
Secondary 
Contact 
35-230 cfu 100 
mL-1 
Exceeds Secondary 
Contact 
>230 cfu 100 mL-1 
1 28000 1 0 3 
2 1600 1 0 2 
3 100 2 0 1 
 
The results of Enterococcus enumeration were extremely high for Overflow 1 
and exceeded the secondary contact guidelines in the AFWG (2000a, 2000b). 
The result for Overflow 3 falling in the ‘Exceeds Secondary Contact’ 
guideline was not as extreme as the readings for Overflow 1, as the 
enumeration was 300 cfu 100 mL-1. No errors occurred in the method, trip or 
field blank during testing, and therefore, the overflows were highly 
contaminated with Enterococci spp. 
 
The AFWG (2000a, 2000b), as shown in Section 3.4.3.1, requires the pH to be 
in between 6.5 and 9.0 for inland rivers. The overflows that are diverted to 
these systems should be in a similar range. As can be seen from Figure 6-34, 
the pH for Overflow 1 (medianO-1=6.35) had 50% of the results below this 
guideline value. The overflows for Site 2 (µO-2=6.95) were higher than the 
minimum guideline as a result of the concrete tiled roof on Site 2. The raw 
water analysis from Sydney Water (2009b) showed that the pH ranges from 
6.9 to 11.2 in the Hawkesbury-Nepean for the same period, which means that 
Overflow 2 may not have had any visible impact on the receiving waters.  
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Overflow 1 (minO-1=5.90) and Overflow 3 (minO-3=5.84), on the other hand, 
had values below the guideline and the minimum value recorded for the 
Hawkesbury-Nepean River. This indicates that this could have an impact on 
receiving waters, however, dilution of the overflows through the stormwater 
system, which is mostly concrete, could increase the pH and reduce the risk 
to the receiving waters.  
 
Even though Site 3 has a concrete tank, the pH of the overflow was on 
occasions below the minimum guideline. The concrete tank does create a 
smaller variation around the mean for Overflow 3 in comparison with the 
variation around the mean for Overflow 1. 
 
The recommended temperature is dependent on the receiving waters, and as 
shown in Chapter 5, this means a range between 19ºC to 23ºC for discharges 
to the Hawkesbury-Nepean River and an average of 15ºC in June for 
Redbank Creek. All mean overflow temperatures were within the range of 
15ºC to 23ºC (see Figure 6-35) with some outliers in summer and some lower 
temperatures in winter. Thermal pollution is, therefore, considered not to be 
a fundamental issue for to the overflow from RWT; however, if all urban 
areas are considered, thermal pollution may be significant. 
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Figure 6-34 pH for all overflows 
The boxplot shows the median (-) and variation (█) of the pH in the three overflows. Overflow 1 and 
Overflow 3 have a lower median than Overflow 2, but a greater IQR. Overflow 2 is within the AFWG 
(2000a, 2000b), but some of the resutls for Overflow 1 and Overflow 3 are below the AFWG (2000a, 
2000b). A number of outliers (○) and extreme outliers (*) are recorded for Overflow 2 and Overflow 3. 
 
The conductivity of the overflows is recommended to be below 300 µS cm-1 
(AFWG, 2000a, 2000b). Overflow 3 had an extreme value of 555 µS cm-1 on 19 
January 2009 and has been excluded from the box plot. Figure 6-36 shows the 
conductivity results in the overflow samples and indicates that the 
conductivity was higher in those samples from sites with concrete than those 
without concrete. The data points considered outliers for Overflow 2 
coincided with the rainfall events following the addition of the mains water 
and, therefore, showed elevated conductivity readings.  
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The DO concentrations of the overflows are shown in Figure 6-37. The DO 
concentrations were highly variable and only Overflow 2 is within the 20th 
and 80th percentile value of the Hawkesbury-Nepean River. The mean value 
of Overflow 1 (µO-1=8.43 mg L-1) was within the guideline, but some of the 
results were below the 7.6 mg L-1 minimum limit. The mean value of 
Overflow 3 (µO-3=6.91 mg L-1) was below the recommended 20th percentile of 
the Hawkesbury-Nepean River. This indicates that DO in the overflow 
should be increased significantly prior to discharge into receiving rivers, 
which often occurs as a result of flow velocity and turbulence through the 
drainage system. 
 
The turbidity of the overflows should be under the long-term 80th percentile 
of the Hawkesbury-Nepean River values, which is 8.47 NTU. The raw water 
from the water filtration plant operated by SWC, showed an average 2.20 
NTU for the testing period (Sydney Water, 2009b), indicating a lower 
threshold for the period in respect to the quality of the Hawkesbury-Nepean 
River. Overflows 1 and Overflow 3 had extreme data points that have been 
excluded from the analysis, which occurred on various occasions through 
December 2008 and January 2009 and may be attributed to the flowering of 
eucalypts in the area, as they commonly flower in this time of year and a 
distinct eucalyptus smell was identified in the water samples. The remainder 
of the results were on average below the 80th percentile. Overflow 2 (maxO-
2=0.86 NTU) was below the 20th percentile value and, therefore, considered to 
be cleaner than required for discharge into the receiving waters (see Figure 
6-38). 
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Figure 6-35 Temperature results for all overflows Figure 6-36 Conductivity of all overflows 
The boxplot shows the median (-) and variation (█) of the temperature in the three 
overflows. The majority of the results are within the recommended AFWG (2000a, 
2000b) and are similar to the temperature in both the Hawkesbury-Nepean River and 
Redbank Creek. Oveflow 3 recorded a single extreme (*) on the 23 February 2009. 
The boxplot shows the median (-) and variation (█) of the conductivity in the three 
overflows. Overflow 1 and Overflow 3 have a lower median than Overflow 2, but a 
greater IQR. The results are all within the AFWG (2000a, 2000b), except for an extreme 
outlier recorded in Overflow 3 (555 µS cm-1 on 19 January 2009), which is not shown in 
the boxplot. The remainder of the outliers (○) and extremes (*) are all within the the 
guildelines and all occurred during the summer months. 
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Figure 6-37 DO concentrations of all overflows Figure 6-38 Turbidity results for all overflows 
The boxplot shows the median (-) and variation (█) of the DO in the three overflows. 
The majority of the results are within the recommended AFWG (2000a, 2000b) and are 
similar to the DO in both the Hawkesbury-Nepean River and Redbank Creek.  
The boxplot shows the median (-) and variation (█) of the turbidity in the three 
overflows. Overflow 1 and Overflow 3 have a higher median than Overflow 2, but a 
greater IQR. The higher IQR for Overflow 1 and Overflow 3 may be attributed to the 
flowering of eucalypts in the area and thereby increasing the turbidity of the tank and 
overflow water after a storm event. 
 
 
M.F.E. van der Sterren   
266 
In summary, the overflow concentrations were above the AFWG (2000a, 
2000b) trigger values, but a number of the heavy metal samples were similar 
to those found in the Hawkesbury-Nepean River (see Table 6-18).  
 
Table 6-18 Summary table of overflow results, AFWG (2000a, 2000b) 
trigger values and previous Hawkesbury - Nepean River results 
Pollutant Unit Measured 
(mean) 
AFWG 
(2000a, 2000b) 
Hawkesbury-
Nepean River 
Aluminium mg L-1 0.123 8x10-3 0.08 
Zinc mg L-1 46.0 8x10-3 - 
Lead mg L-1 0.008 0.0034 - 
Copper mg L-1 0.081 0.0014 - 
Hardness mg L-1 11.8 500 - 
TP mg L-1 0.976 0.050 - 
Nitrate mg L-1 0.30 0.6 - 
E. coli cfu 100mL-
1 
513 150 250 
Enterococcus 
sp. 
cfu 100mL-
1 
1318 35 - 
pH - 6.69  6.5-9.0 6.9-11.2 
Temperature ◦C 18.9 - 19-23 
Conductivity µS cm-1 76.8 300 - 
Turbidity NTU 7.09 8.47 2.20 
DO mg L-1 8.16 7.6-12 - 
 
This indicates that in regards to the heavy metals, the overflow can be 
detrimental to aquatic wildlife. Human contact with the overflows is not 
recommended due to the samples exceeding the secondary contract 
standards for Enterococcus sp. and E. coli.  
 
The overflows were also considered problematic for river management, as 
the nutrients were above the recommended guidelines and critical pollutants 
for the Hawkesbury-Nepean River; however, the physical indicators were 
not extremely detrimental, as they are either just below or within the 
guidelines.  
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The overflows are often directly diverted to the existing stormwater system 
and in turn to the receiving waters (Cunliffe, 1998; Penrith City Council, 
2008), but in light of data presented in this chapter, the overflows should be 
treated prior to discharge, in particular when there is high density of RWT in 
an urban area. This would allow treatment at the source and thereby 
resulting in a reduction of pollutant wash-off. The reduction in pollutants as 
a result of one RWT is not visible at a catchment scale, but when there is a 
high density use of RWT in urban areas, these can have an accumulative 
effect on the receiving waters. Multiple RWT discharges after mixing might 
contribute to the reduction or increase of some pollutants. In addition, 
treatment of the overflow on the subject site by a bio-retention system could 
reduce the pollutant concentrations in the stormwater wash-off.  
 
It should be noted that the pollutant concentrations and discharges from the 
overflow would be mixed with other stormwater run-off, which could dilute 
the potential pollutants, however, as was shown in Chapter 3, residential 
streets can have significant pollutant concentration. Therefore, it is 
recommended that the driveway and overflow from a lot scale development 
are treated on site, to reduce run-off and pollutant loadings in the discharge 
to the existing stormwater system. 
6.4.2.4 First-flush 
The first-flush was only located on Site 3. The first-flush is often left 
undrained in most households, but even though the first-flush was drained 
weekly, every week a first-flush sample was taken, even if no rain occurred. 
It is speculated that the water collected is the result of seepage through the 
soil or condensation on the roof area. The results of the first-flush vary and 
are discussed in this section. 
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As the first-flush is often discharged overland, the AFWG (2000a, 2000b) and 
the RWG (2009) are applied in the interpretation of the results. Figure 6-39 
shows the aluminium concentrations of the first-flush (minFF=0.02 mg L-1) 
and they were over the guidelines, but within the raw water testing from the 
Hawkesbury-Nepean River during the same period (µH-N=0.083 mg L-1) 
(Sydney Water, 2009b). One outlier data point was detected on the 3 
November 2008, which is shown in Figure 6-39. This extreme outlier was not 
mirrored in the overflow of the RWT from the same week. 
 
The copper concentrations for the first-flush (minFF=0.004 mg L-1) were all 
above the AFWG (2000a, 2000b) (AFWG=0.0014 mg L-1), but were 
significantly below the RWG (2009) standard of 0.2 mg L-1. There were four 
extreme values, which are not shown in Figure 6-40, which were on 1 and 8 
December 2008 (1.31 mg L-1 and 1.19 mg L-1 respectively), 19 January 2009 
(1.72 mg L-1) and 25 May 2009 (0.119 mg L-1). The majority of the results that 
are not shown in the plot are above the RWG (2009). The copper results 
showed similar high concentrations in the overflow and tank at Site 3 as well. 
The risk to plants as a result of allowing discharge of the first-flush overland 
is considered to be low as the majority of the results are well below the RWG 
(2009). 
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Figure 6-39 Aluminium results for the first-flush Figure 6-40 Copper concentrations in the first-flush 
The boxplot shows the median (-) and variation (█) of aluminium in the first-flush. 
The majority of the results are above the AFWG (2000a, 2000b), but are below the 
aluminium concentrations in the Hakwesbury-Nepean river. One outlier (○) is 
recorded on 3 November 2008.  
The boxplot shows the median (-) and variation (█) of the copper concentration in the 
first-flush. All of the copper concentrations are above the AFWG (2000a, 2000b) trigger 
values and only some of the four extreme outliers not shown in the boxplot are above 
the RWG (2009). The four outliers not shown occured on the 1 and 8 December 2008 
(1.31 mg L-1 and 1.19 mg L-1 respectively), 19 January 2009 (1.72 mg L-1) and 25 May 
2009 (0.119 mg L-1). The remainder of the extremes (*) are shown and are significanlty 
below the RWG (2009). 
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The lead results were shown in Figure 6-41. The majority of the results were 
greater than the AFWG (2000a, 2000b) (0.0034 mg L-1) with one outlier on the 
19 January 2009     
            - . The lead concentration in the first-flush 
were similar to the tank samples. The results of the first-flush (maxFF=0.031 
mg L-1) were significantly lower than the results from Magyar et al. (2007; , 
2008) and O’Connor et al. (2009). As there is no lead flashing on the roof, it is 
likely that concentration was the result of lead leaching out of the PVC 
pipelines that contain the first-flush. The lead concentrations, although 
greater than the AFWG (2000a, 2000b), are considered to be of a low risk as 
the concentrations were further diluted through the existing stormwater 
system or discharged overland. 
 
The distribution of the zinc results is shown in Figure 6-42, which  excludes 
the outliers on the 1 December and 8 December 2008 (759 mg L-1 and 722 mg 
L-1 respectively) and 19 January 2009 (1010 mg L-1). All zinc results 
(minFF=2.45 mg L-1) were above the AFWG (2000a, 2000b). These extreme 
values occurred on the same sample days as the copper concentrations of the 
first-flush. It is likely that these pollutants were the result of the Zincalume® 
gutters and roof (Föster, 1998; Nicholson et al., 2010). The zinc results in the 
first-flush were similar to the zinc roof concentrations determined by Duncan 
(1999), but the zinc concentrations in the tank were significantly lower. It is 
recommended in the RWG (2009) that the application rates of collected roof 
water to plants and soils is monitored, which will also apply to the first-
flush, as this is often discharged overland and could therefore affect plants 
and soil in the vicinity of the discharge point. 
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Figure 6-41 Lead concentrations in the first-flush Figure 6-42  Zinc concentrations in the first-flush 
The boxplot shows the median (-) and variation (█) of the lead concentration in the 
first-flush. The majority of the results are above the AFWG (2000a, 2000b), but are 
considered at minimal risk to the receiving water, as dilution can occur in the 
stormwater system. One outlier (○) is recorded on the 19 January 2009.  
The boxplot shows the median (-) and variation (█) of the zinc concentration in the 
first-flush. All of the zinc concentrations are above the AFWG (2000a, 2000b) trigger 
values. The four outliers not shown occurred on the 1 and 8 December 2008 (759 mg L-
1 and 722 mg L-1 respectively) and 19 January 2009 (1010 mg L-1).  
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The hardness of the first-flush samples (µFF=12.1 mg L-1) was within the
AFWG (2000a, 2000b) (see Figure 6-43). There are two outliers
(CaCO3=41.1mg L-1; CaCO3=39.1 mg L-1) that were outside the critical
AFWG (2000a, 2000b) value of 30 mg L-1 CaCO3, which occurred on the 19
January 2009 and the 14 September 2009. This hardness could be a reason
why a greater amount of copper and zinc pollution was found on the 19
January 2009 as it affects the dissolution constant of the heavy metals
(Manahan, 1975). The remainder of the samples all fell within the critical
range and therefore the heavy metal guidelines in the AFWG (2000a, 2000b)
can be applied to the first-flush. The hardness in the first-flush was similar
(µt=µFF, p=0.805; t=FF, F=2.14<5.72) to the tank samples on site, except for
the outliers.
The AFWG (2000a, 2000b) (AFWG= 0.6 mg L-1) only indicates a trigger value
for nitrate. The nitrate of the first-flush had a range from 0.09 mg L-1 to 2.52
mg L-1. The median was below the trigger value, but nearly 50% were greater
than 0.6 mg L-1 trigger value (see Figure 6-44). These high concentrations of
nitrate can affect the algae growth in receiving waters and therefore should
be treated at the source.
The first-flush had a significantly (µT=µFF, p=0.167>0.05) higher concentration
of nitrates than the tank sample, and had similar concentrations as road run-
off, rather than roof run-off (Coombes, Kuczera and Kalma, 2000c; Duncan,
1999; Evans, Coombes and Dunstan, 2006). This indicates the importance of
installing a first-flush device and cleaning it regularly.
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Figure 6-43 Hardness of the first-flush Figure 6-44 Nitrate concentration in the first-flush 
The boxplot shows the median (-) and variation (█) of the hardness in the first-flush. 
The extremes (*) are above the AFWG (2000a, 2000b), but are considered at minimal 
risk to the receiving water, as dilution can occur in the stormwater system.    
The boxplot shows the median (-) and variation (█) of the nitrate concentration in the 
first-flush. The medium is below the AFWG (2000a, 2000b), but the remainder are 
above the AFWG (2000a, 2000b). The IQR shows vairation between 0.09 mg L-1  and 
2.5 mg L-1, which is a potential risk for algae growth in receiving waters. 
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The TP concentrations (µFF=0.34 mg L-1) (see Figure 6-45) were mostly above
the AFWG (2000a, 2000b). An extreme value did occur on 3 November 2008
of 1.54 mg L-1, which has been excluded from the analysis. The TP
concentrations in the first-flush were in the range of the residential
catchment pollutant run-off, as discussed by Duncan (1999)
(0.56±0.19mgL-1) and similar to the TP concentrations reported by
Abustan (1997) (0.078 to 1.87 mg L-1). The TP concentrations in the first-flush
were statistically similar to the tank samples (µT=µFF, p=0.152>0.05, σT=σFF,
F=2.72<2.91). TP is a critical stormwater pollutant; therefore, further at
source treatment may be required prior to discharge to a stormwater system.
As the first-flush discharges to receiving waters, faecal coliform and
Enterococcus sp. counts need to be controlled, as an indication of the control of
faecal contamination. Table 6-19 shows a summary of the microbiology
indicators. It can be seen that nearly 50% of the samples were above the
secondary contact limits of the AFWG (2000a, 2000b), indicating levels of
pollutants detrimental to human health. The geometric mean results in the
first-flush (µFF= 155 cfu 100 mL-1) were higher than the tank samples
(µT=12cfu mL-1). The E. coli readings of the first-flush were also higher than
the average recorded intake water of the North Richmond Treatment Plant
(µH-N=19 cfu 100 mL-1) (Sydney Water, 2009b). These results highlighted the
need for regular maintenance and cleaning of the first-flush as well as the
implementation of proper cleaning protocols to prevent contamination.
Simple methods such as washing hands and minimising aerosols can assist
in limiting exposure during and after cleaning of tanks.
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Table 6-19 Number of first-flush results within the different contact
standards for microbiological indicators of the AFWG (2000a, 2000b)
Microbiological
Indicator
Mean
(cfu
100
mL-1)
Primary
Contact
Secondary
Contact
Above
AFWG
Units
<150 150-1000 >1000 cfu 100 mL-1
<35 35-230 >230
Enterococcus
sp. cfu 100
mL-1
E. coli 21000 3 0 3 -
Thermotolerant 272000 4 0 2 -
Enterococcus sp. 854 2 1 3 -
The DO concentration in the first-flush (µFF=6.84 mg L-1) was below and
between the recommended concentrations. Approximately 60% of samples
were within the 6 mg L-1, but only 30% were within the 20th to 80th percentile
range of the Hawkesbury-Nepean results (see Figure 6-46). If the first-flush is
discharged to the stormwater system, it is likely to increase the DO levels
due to mixing and turbulence within the existing system.
The conductivity results showed three extreme values above the AFWG
(2000a, 2000b) (300 µS cm-1). These occurred on the 17 November 2008
(626µS cm-1), 19 January 2009 (474 µS cm -1) and 21 September 2009
(449µScm-1). The 25 May 2009 (228 µS cm-1) was also considered an outlier,
but was within the guideline. The remainder of the results were all
considered acceptable (see Figure 6-47). A number of these outliers
correspond with the high readings for copper, zinc and hardness. The first-
flush is likely to remove the pollutants that cause the conductivity such as
copper, zinc and hardness and, therefore, showed elevated levels of these
pollutants in the samples. For the pH, 75% of the samples (µFF=6.16) were
below the recommend guideline of 6.5 (AFWG 2000a, 2000b) and below the
recorded raw water sample (pH of 6.9) (Sydney Water, 2009b). The sample
was therefore considered acidic and makes the metal pollution more toxic to
wildlife and aquatic species of receiving waters (see Figure 6-48).
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Figure 6-45 TP concentrations in the first-flush Figure 6-46 DO concentrations in the first-flush 
The boxplot shows the median (-) and variation (█) of the TP concentrations in the 
first-flush. All TP concentrations are above the AFWG (2000a, 2000b) and an extreme 
on the 3 November 2008 of 1.54 mg L-1 has been excluded from the boxplot. 
The boxplot shows the median (-) and variation (█) of the DO concentration in the 
first-flush. The median is below the AFWG (2000a, 2000b), but the results are mostly 
within the 20th percentile of the Hawkesbury-Nepean River.  
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Figure 6-47 Conductivity of the first-flush Figure 6-48 pH of the first-flush 
The boxplot shows the median (-) and variation (█) of the conductivity in the first-
flush. The extremes (*) are above the AFWG (2000a, 2000b), but are considered at 
minimal risk to the receiving water, as dilution can occur in the stormwater system.    
The boxplot show the median (-) and variation (█) of the pH in the first-flush. The pH 
concentrations are below the AFWG (2000a, 2000b) and below the pH in the 
Hawkesbury-Nepean River. One outlier (○) has been shown to occur on 21 September 
2009. 
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The temperature of the first-flush (µFF=18.0oC) was above the Redbank Creek 
minimum of 15ºC (see Figure 6-49), but only 25% was within the 20th to 80th 
percentile of the Hawkesbury-Nepean River (AFWG 2000a, 2000b).  
 
Finally the turbidity results for the first-flush showed four extreme outliers 
on the 17 November 2008 (436 NTU), 6 April 2009 (98 NTU), 25 May 2009 
(149 NTU) and 28 September 2009 (15 NTU). These are not shown in Figure 
6-50. The results of 1 December 2008 (4.47 NTU) were also shown as an 
outlier, but is within the 80th percentile of the Hawkesbury-Nepean and the 
AFWG (2000a, 2000b). From the remainder of the samples, 75% fell below the 
long term 20th percentile of the Hawkesbury-Nepean results, and below the 
average recorded in the River by Sydney Water (2009b) (µH-N=2.20 NTU). 
 
Overall, the first-flush is not considered suitable for discharge into the 
receiving waters and should be properly treated. Of concern also is the 
microbial quality of the first-flush, as the secondary contact guidelines were 
exceeded regularly. The data does not support or contradict the effect of the 
first-flush on the RWT water quality; however, it is unclear if the first-flush 
functions properly, because even after weeks without any notable rainfall, 
the first-flush still collected run-off. It is speculated that this run-off is due to 
condensation on the large roof area in the mornings or from ingress of 
infiltrated water in the soil. The owner of the property has been notified. The 
data supports the notion that when cleaning a first-flush system, necessary 
precautions should be used to avoid bodily contact and ingestion. This can 
be achieved by minimising exposure to skin using gloves and long pants, 
which is contrary to the approach to first-flush treatment recommended by 
Cunliffe (1998). The first-flush results also indicate that it is beneficial to the 
water quality in the tank, as the majority of the pollutants were significantly 
higher in the first-flush than in the RWT. This indicates that the first-flush 
can remove some of the pollutants before water is transferred to the RWT, 
which is contradictive to the findings of Mendez et al. (2011) in the USA. 
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Figure 6-49 Temperature of the first-flush Figure 6-50 Turbidity of first-flush 
The boxplot shows the median (-) and variation (█) of the temperature in the first-
flush. The IQR is wholley within the Redbank Creek temperatures recorded by 
Hawkesbury City Council and the Hawkesbury-Nepean River temperature.  
The boxplot shows the median (-) and variation (█) of the turbidity in the first-flush. 
The turbidity is below the 20th percentile of the Hawkesbury-Nepean result, except for 
the outlier (○) and extreme outliers. The extreme outliers are not shown in the boxplot 
and occurred on the 17 November 2008 (436 NTU), 6 April 2009 (98 NTU), 25 May 
2009 (149 NTU) and 28 September 2009 (15 NTU). 
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6.4.2.5 Stormwater Discharge into Redbank Creek 
The stormwater results should fall below the AFWG (2000a, 2000b) to protect 
the receiving waters (Redbank Creek). For aluminium concentrations in the 
stormwater samples, one out of three samples fell below the AFWG (2000a, 
2000b), but all of the results fell below the concentration in the Hawkesbury-
Nepean River during the same period (Sydney Water, 2009b). The 
aluminium results (µSW=0.12 mg L-1) were similar to the recorded aluminium 
concentration on residential streets (Herngren, Goonetilleke and Ayoko, 
2005). The aluminium concentrations in the stormwater can be considered 
toxic to aquatic wildlife, but will have a limited effect on the already 
deteriorated quality of the Hawkesbury-Nepean River. Copper, on the other 
hand, showed one extreme data point on 12 January 2009     
           -  
above the ADWG (2004) and another on the 27 January 2009     
   
       -  below ADWG (2004) (ADWG=2 mg L-1). All copper results were 
above the AFWG (2000a, 2000b) (see Figure 6-51). 
 
Figure 6-52 shows the distribution of the lead results for stormwater, but 
only 33% of the samples fell within the AFWG (2000a, 2000b). The lead 
results (µSW=0.012 mg L-1) were lower than the reported data by Duncan 
(1999), but similar to the results presented by Herngren, Goonetilleke and 
Ayoko (2005). This difference is most likely due to the fact that Duncan 
(1999) statistically analysed data from around the world. Herngren, 
Goonetilleke and Ayoko (2005), on the other hand, focused their research in 
South-East Queensland, Australia. 
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All the zinc results from the stormwater were above the AFWG (2000a, 
2000b) (see Figure 6-53), but 62% fell below ADWG (2004). The results 
(minSW=0.010 mg L-1) in this study were higher than those reported by 
Duncan (1999) and slightly higher than Herngren, Goonetilleke and Ayoko 
(2005), but were in a similar range to the overflows from the RWT tested in 
this study (µO-all=46.2 mg L-1). This indicates that dilution of the zinc 
concentrations from the overflows in the stormwater system was unlikely to 
occur and that source control can have an impact. 
 
One of the hardness results (CaCO3=26.5 mg L-1) was below the 30 mg L-1 
critical value (AFWG, 2000a, 2000b), which means even though all results fall 
(maxSW=103.6 mg L-1) below the 500 mg L-1 CaCO3 guideline, the metals are 
more likely to be more toxic to wildlife, than indicated by the minimums in 
the AFWG (2000a, 2000b). The heavy metal concentrations determined in the 
stormwater samples were not extremely toxic to humans, but can be very 
detrimental to aquatic wildlife in the area. 
 
The pH values of the stormwater sample (µSW=7.06) were mainly within the 
AFWG (2000a, 2000b) of 6.5 to 9.0. Only 21% fell below the 6.5 pH AFWG 
(2000a, 2000b) standard (see Figure 6-54), and the raw water from the 
Hawkesbury-Nepean River testing (µH-N=7.53) (Sydney Water, 2008, 2009b). 
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Two out of the three nitrate results (xsw-1=0.35 mg L-1; xSW-2=0.15 mg L-1) were
below the AFWG (2000a, 2000b) (0.6 mg L-1), but for TP all
(minsw=0.058mgL-1) results were over the guideline (AFWG=0.050 mg L-1).
Limited results for microbiological indicators were available, but the results
are summarised in Table 6-20. These results clearly indicated significant
pollution levels and the enumeration of E. coli exceeded the Hawkesbury-
Nepean values of 19 cfu 100 mL-1 (Sydney Water, 2009b) and 30 cfu 100 mL-1
(Sydney Water, 2008). These results indicated and confirmed that stormwater
base flow and storm flows can be detrimental to the health of the receiving
waters, which in this case is the Hawkesbury-Nepean River. Management of
pollutants at the source can limit the effect and, as shown in the previous
sections. The RWT can still have high counts of E. coli in the overflow,
thereby limiting the use of RWT, in microbiological source control.
Table 6-20 Summary of microbiological indicators in stormwater
Microbiological Indicator
(cfu 100 mL-1) <150 / <35 150-1000/ 35-230 >1000 / >230
E. coli 1 - 1
TTC 1 - 1
Enterococcus sp. - 1 3
One of the temperature readings (minSW=14.9oC) of the stormwater samples
was below the minimum temperature of Redbank Creek (minSW=15.0oC). All
other results were higher, but approximately 75% were below the maximum
80th percentile of the Hawkesbury-Nepean River (see Figure 6-55), therefore
thermal pollution does not seem to be a concern in regards to this particular
system.
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All turbidity (maxSW=8.32 NTU) results were below the AFWG (2000a, 
2000b) of 50 NTU, and the 80th percentile of the Hawkesbury-Nepean. The 
mean value (µH-N=2.36 NTU) was similar to the recorded turbidity in the 
Hawkesbury-Nepean River (µH-N=2.20 NTU) during the same period 
(Sydney Water, 2008, 2009a) This was also the case of the DO, which had a 
minimum of 6.59 mg L-1 well above the 6 mg L-1 minimum (AFWG 2000a, 
2000b). There was only one sample outside (xSW=6.59 mg L-1) of the 20th to 
80th percentile range of the Hawkesbury-Nepean values. The higher levels of 
DO in comparison to the overflow are due to mixing caused by turbulence 
and flow.  
 
Two of the samples had conductivity levels within the AFWG (2000a, 2000b) 
These low results occurred on the 2 November 2008 (82.4 µS cm-1) and the 27 
January 2009 (89 µS cm-1). The remainder of the samples were  well above 300 
µS cm-1, with an average of 652 µS cm-1 (± 272 µS cm-1). 
 
Untreated stormwater can have a significant impact on the receiving waters 
(House et al., 1993; Sartor and Boyd, 1972). Source control can assist in 
managing the pollutant run-off from urban catchments. The North 
Richmond catchment has minimal source control and discharges directly into 
Redbank Creek. The stormwater water quality testing indicates that there is 
reason for concern about the water quality and that the discharge water 
quality can be improved by removing some of the pollutants. This in turn 
could reduce pollutant loadings in Redbank Creek and may be a step 
towards cleaning the discharges into the Hawkesbury-Nepean River. 
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Figure 6-51 Copper concentrations in stormwater Figure 6-52 Lead concentrations in stormwater 
The boxplot shows the median (-) and variation (█) of the copper concentration in the 
stormwater discharges from the urban catchment. The copper concentrations are 
above the AFWG (2000a, 2000b), but well below the RWG (2009).  
The boxplot shows the median (-) and variation (█) of the lead concentrations in the 
stormwater discharges from the urban catchment. The lead concentrations are mainly 
above the AFWG (2000a, 2000b).  
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Figure 6-53 Zinc concentrations in stormwater  Figure 6-54 pH results of stormwater samples 
The boxplot shows the median (-) and variation (█) of the zinc concetration in the 
stormwater samples. The results are above the AFWG (2000a, 2000b). 
The boxplot shows the median (-) and variation (█) of the pH in the stormwater 
samples. The pH values are within the AFWG (2000a, 2000b). The concrete drainage 
system as well as the concrete surfaces are likely to increase the pH of the run-off 
resulting in a medium pH value of 7.06. 
 
 
M.F.E. van der Sterren   
286 
 
 
Figure 6-55 Temperature of stormwater samples 
The boxplot shows the median (-) and variation (█) of the temperature in the stormwater 
samples. The IQR is wholley within the Redbank Creek temperatures recorded by 
Hawkesbury City Council and the Hawkesbury-Nepean River temperature.  
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6.4.3 Quantity versus Quality 
6.4.3.1 Changes due to Climatic Events 
Different climatic events can have impacts on the water quality of the RWT. 
The dust storm that covered Sydney and surrounds in a haze on the 23 
September 2009 deposited large amounts of fine particles onto all surfaces, 
which includes all roofs (Leys, Heidenreich and Case, 2009). A low intensity 
rainfall event occurred on the 24 September 2009 and resulted in a turbidity 
outlier of 14.8 NTU in the first-flush on Site 3. The increase of turbidity levels 
in the tank were not detected until 6 October 2009, after a more intense 
rainfall event as well as settling time in the RWT. The overflow for Site 1 and 
Site 3 also showed higher than average turbidity levels on 6 October 2009. In 
addition to the elevated turbidity levels, copper, TN and hardness also 
showed significantly high values for Overflow 1 as a result of the storm 
event of 2 October 2009. The copper levels for overflows also showed a 
higher level of concentration. Tank 1 showed elevated levels of conductivity 
as well. Testing of the deposited dust was conducted by Radhi et al. (2010), 
who found that the dust contained salt particles and could be traced back to 
Lake Eyre Basin. The dust storm event is therefore the most likely 
contributor to these elevated levels. This clearly shows the needs for cleaning 
and maintenance of the roof after an event like this. Site 1, however, would 
not have been able to clean the roof due to limited water levels, but all other 
sites had sufficient water to clean the roofs and divert the run-off. 
 
Heavy rainfall, is the primary cause of pollutant run-off from the roof and 
was therefore examined here. All high values were compared to rainfall 
events and antecedent periods. The tank samples were more likely to show 
elevated levels when antecedent periods were longer, whilst overflows were 
more likely to show high values when there is a prolonged period between 
overflow events. 
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Elevated levels and extremes were more likely to occur in the RWT water 
quality when the antecedent rainfall event exceeded two days. The overflow, 
on the other hand, was more likely to contain elevated levels when the time 
to previous overflow exceeded 8.5 days. This is of course a guideline as 
events such as the dust storm or the intensity of the rainfall event can alter 
the high values and concentrations after a smaller antecedent period. 
 
Trend detection for the storm events was not conducted in this study. The 
focus was on long term sampling (i.e. a year). The benefit of the long term 
testing is that the seasonal changes as well as long-term (in other words, 
year) impact can be examined. This section has shown that antecedent time 
period may affect the build-up on roofs and wash-off into tanks, as high 
values are more likely to occur during long antecedent periods. This was 
previously shown to be important in pollutant build-up by other studies 
(Egodawatta and Goonetilleke, 2008; Egodawatta, Thomas and Goonetilleke, 
2009; Miguntanna et al., 2010; Sartor and Boyd, 1972). Overflows are also 
more likely to contain extreme values when time intervals between 
overflows are longer. Furthermore, this section also showed that other 
climatic events such as the dust storm can have a significant effect on the 
tank and overflow water quality. 
6.4.3.2 Overflow versus Tank Samples 
In Section 3.3.2, the theory of biophysical and bio-chemical gradients, as well 
as biofilms were discussed in relationship to the microbial quality of water in 
RWT. In Section 5.5.1.5 the results of the pilot water quality were 
highlighted. The pilot study results and the likely gradient or biofilm growth 
was discussed in Section 5.5.1.6. It was hypothesised that the overflow had 
significantly greater pollutant loadings than the tank sample itself, as a result 
of the epilimnion characteristics of the air/liquid interface or the potential of 
biofilm growth. The results shown in the previous sections were analysed for 
Site 1, Site 2 and Site 3 in respect to the tank samples and overflows. 
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Statistically the means and distributions of conductivity, copper hardness, 
lead, pH and turbidity are similar (µt≠µo, p>0.05). In regards to aluminium 
and zinc, the means were not significantly different, but the standard 
deviations were significantly different (σt≠σo, p<0.05) (see Figure 6-56), 
showing a difference in variation and similar means between the overflow 
and tanks samples. 
 
The microbiological and nutrient analysis showed that an epilimnion or 
biofilm could exist. As for the microbial and nutrient concentrations, the tank 
samples were significantly lower than the overflow samples. The E. coli and 
Enterococcus sp. counts are shown in Figure 6-57 and Figure 6-58. Both show 
significantly higher counts in the overflows. For E. coli a number of outliers 
were detected, which occurred on the 17 November 2008 (Overflow 3), 25 
May 2009 (Overflow 2) and 2 February 2009 (Tank 2 and Tank 3). The 
Enterococcus sp. analysis also identified outliers, on the 9 February 2009 
(Overflow 1), 16 February 2009 (Tank 1), 25 May 2009 (Tank 1) and 8 
December 2008 (Tank 2). The outliers for the tank samples were considerably 
lower than the outliers for the overflow samples. In addition, the tank 
outliers were all within the variation of the overflows and occur after a 
significant rainfall event or during low water levels. This further supports 
the possibility of mixing of the water column and biological gradients 
discharging through the overflow. It should be noted that 50% of the 
overflows are above the secondary contact guideline of 230 Enterococcus sp. 
cfu 100 mL-1 (AFWG, 2000a, 2000b). 
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Figure 6-56 Tank and overflow samples for zinc Figure 6-57 Tank and overflow samples for E .coli 
The boxplot shows the median (-) and variation (█) of the zinc concentration in the 
tank and overflow samples. The IQR is larger for the overflow than for the tank 
samples, but the medians are statistically simlilar.  
The boxplot shows the median (-) and variation (█) of the E. coli in the tank and 
overflow samples. The E. coli for the overflow has a significantly larger IQR than the 
tank sample. The tank sample shows an extreme (*) and an outlier (○) on 2 February 
2009. These outliers are most likely the result of a prolonged antecedent dry period. 
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Figure 6-58 The tank and overflow samples for Enterococcus sp. Figure 6-59 Total coliform counts in tanks and overflows 
The boxplot shows the median (-) and variation (█) of the Enterococcus sp. of the tank 
and overflow samples. The IQR is significantly greater for the overflow samples than 
for the tank samples. The tanks samples show some extremes (*), but these fall within 
the same range as the IQR of the overflow samples. 
The boxplot shows the median (-) and variation (█) of total coliform count of the tank 
and overflow samples. The IQR is significantly greater for the overflow samples than 
for the tank samples. The tanks samples show some extremes (*), but these fall within 
the same range as the IQR of the overflow samples. 
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The heat exchange laws support the growth of biofilms, as the air/liquid 
interface is likely to warm up more than the main water body within the tank 
(Dodds, 2002). Furthermore the first 2500 mL of overflow was collected, 
which is a smaller volume than the tank and therefore after collection, more 
than likely to have a greater variation in temperature until removed from site 
as the thermal exchange laws are dependent on mass and thermal 
conductivity (see Section 3.4.3.3 (Askeland, 1998; Young, Freedman and 
Ford, 2004). The temperature and volume in the collection bottle would also 
effect the DO, as the re-aeration rate of oxygen is dependent on temperature, 
velocity and water depth (Davis and Cornwell, 2006). Furthermore, in 
Section 5.5.1.5, it was shown that the top of the tank had a higher DO content 
than the bottom because of the re-aeration is dependent on the depth which 
causes a temperature gradient (Davis and Cornwell, 2006; Dodds, 2002). The 
high DO concentration at the air/liquid interface and in the overflow, as a 
result of the gradients, combined with increases in water temperature could 
potentially sustain the microbes, thereby resulting in potential higher counts 
of E. coli and Enterococcus sp. In addition, when overflows occur, the rainfall 
coming into the RWT also contains microbes, further increasing the potential 
survival of indicator organisms and therefore pathogens in the RWT. 
 
The enumeration of TC and TTC was also significantly greater for the 
overflows in comparison to the tank samples (see Figure 6-59 and Figure 
6-60). The outliers identified for the TC count were collected on the 17 
November 2008 (Overflow 1 and Overflow 3), 23 March 2009 (Overflow 3), 
25 May 2009 (Overflow 1), 14 September 2009 (Tank 3), 27 July 2009 (Tank 3). 
The TTC excluded from analysis, were collected on the 2 February 2009 
(Tank 1, Tank 2 and Tank 3), 17 November 2008 (Overflow 3) and 23 March 
2009 (Overflow 3). These outliers occurred at the same time as the E. coli and 
the Enterococcus spp outliers, showing the same effect applies to TTC and TC 
counts. 
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Biofilm formation is promoted by non-optimal growing temperature or 
limited nutrients (Bester et al., 2010; Blanchard and Syzdek, 1970; Landini, 
2009). The RWT has been shown to be low in nutrients and is influenced by 
the same chemical gradients as a lake. The epilimnion has a limited source of 
DO and temperature (Chapra, 1997), thereby most likely promoting the 
formation of a biofilm at the air/liquid interface. The atmosphere provides 
another additional source reducing the strain on the microbes and allowing 
the formation of new cells (Bester et al., 2010; Manahan, 1975; Spiers et al., 
2003).  
 
The chemical and biological gradients (Chapra, 1997), the possible biofilm, as 
well as the pollutant run-off from the roof water can cause the overflow to 
have higher pollutants than the bottom of the RWT. This indicates that the 
RWT, especially larger RWT, can have stratification and therefore should not 
be modelled as completely mixed tanks (or continuously stirred tanks). On 
the other hand, when the RWT has a low volume of water, the rainfall can 
have a significant stirring effect on the minimal volume thereby creating a 
mixed tank (Chapra, 1997). Current modelling programs, such as MUSIC and 
XP-SWMM have continuously stirred tanks (or completely mixed tanks). XP-
SWMM has a plug flow option, but as the RWT is more often than not stirred 
as a result of rainfall and use, the plug flow option is not suitable. There is an 
option for using sinks to deplete pollutants in the modelling (Chapra, 1997), 
which are incorporated into the MUSIC filtration system and can be specified 
in XP-SWMM manually. There is a further need to examine the overflow 
from RWT and their effects on the stormwater quality to understand its 
impact. Furthermore, detailed analysis is also required on the stratification 
effects in the RWT and the potential of biofilm growth. These effects are 
considered to age and clean the water, but could have a detrimental effect on 
the outflow water quality of the site. It clearly highlights the need for more 
than one source control and using a treatment train approach. 
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Figure 6-60 Thermotolerant coliform counts in tanks and overflows Figure 6-61 TN concentrations for tanks and overflows 
The boxplot shows the median (-) and variation (█) of TTC in the tank and overflow 
samples. The outlier (○) for the tank sample falls within the IQR of the overflow 
samples.   
The boxplot shows the median (-) and variation (█) of the total nitrogen in the tank 
and overflow samples. The IQR of the overflow is significanlty greater then the tank 
samples and the overflow includes an extreme (*). The tank samples have one outlier 
(○) and a much smaller IQR and 1.5 x IQR (denoted by the whiskers). 
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Biofilms are susceptible to currents (Percival, Walker and Hunter, 2000) and 
are likely to detach from surfaces, break and flow out through the overflow. 
The first 2500 mL of overflow also showed elevated readings of TN and TP in 
comparison to the tank samples (see Figure 6-61 and Figure 6-62). One outlier 
was excluded from analysis for TP, which was collected on the 12 January 
2009 (Tank 1). 
 
Overall, the overflow samples indicated that the air/liquid interface is likely 
to support a biofilm, which can flow out of the tank during storm events. The 
biofilm also seems to collect the nutrients as identified by Percival, Walker 
and Hunter (2000). They also indicated that a biofilm is likely to absorb 
heavy metals as well. The overflows from Tank 1, Tank 2 and Tank 3 did not 
show statistically different results between the tanks and overflow sample 
means for heavy metals, thereby not confirming this statement, but in 
regards to zinc and aluminium, a greater variation was found in the overflow 
than in the tank samples, supporting the notion that heavy metals could be 
absorbed in biofilms. Furthermore, recent research in Europe indicated that 
the water quality of RWT improves if an overflow occurs on a regular basis, 
therefore indicating that a RWT should not be over-designed (van Olmen, 
2009). 
  
The quality of the overflow as a result of rain events and the likely growth of 
biofilms on top of the epilimnion layer is detrimental for aquatic and human 
lives. It is suggested that further treatment of the overflow is required, such 
as a bio-retention basin to allow Ultra violet (UV) treatment of the microbes 
to occur, and infiltrate the nutrients into the soil promoting plant growth. A 
practical solution in regards to managing and treating roof run-off with a 
RWT and bio-retention basin is illustrated and discussed in Figure 2-2. 
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Figure 6-62 TP concentrations for tanks and overflows 
The boxplot shows the median (-) and variation (█) of the total phosphorous 
concentration in the tank and overflow samples. The IQR of the overflow samples is 
much greater than the tank samples, although the tank samples recorded an outlier 
(○).  
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6.4.3.3 Maintenance 
Maintenance of RWT rarely occurs and often a first-flush is not installed. The 
results of the first-flush samples showed elevated levels of pollutants in 
comparison to the tank sample. The results were significantly greater for 
zinc, E. coli, Enterococcus sp. and nitrates. The first-flush water quality is 
considered a hazard to human health and, therefore, proper precaution is 
required for the maintenance of the first-flush. The first-flush is to be cleaned 
on a regular basis and should minimise exposure to humans. This can be 
achieved with proper cleaning protocols or designing a first-flush that can 
operate without human intervention. 
 
In addition to the limited exposure to the first-flush, general maintenance of 
the leaf build-up in gutters and placement of mosquito screens, as 
recommended by Cunliffe (1998), enHealth (2004) and RWG (2009), was 
limited on all subject sites. As such, all of the RWT had a significant 
mosquito population. In addition, in three out of the five RWT, frogs were 
found in the tanks and overflows. These findings indicate that the mosquito 
screening was not adequate and should be installed at both the inlet and the 
overflow. Frogs and mice have been linked to Salmonellae in previous studies, 
but these parameters could not be tested in this study due to the limit on 
water volume extraction (Taylor et al., 2000). 
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Others have highlighted the need for maintenance (Lye, 2009; Simmons et al., 
2007; Taylor et al., 2000) as well as the health hazards associated with 
providing mosquitoes with a breeding ground. The research presented in 
this thesis agrees with the maintenance issues presented by Cunliffe (1998), 
enHealth (2004) and RWG (2009). It was identified that two participants were 
aware of some of the published documents thereby highlighting the need for 
better education of the general public in regards to RWT use. It was also 
shown, in Section 6.4.3.1, that rain events can cause significant fluctuations in 
the water quality. It is therefore recommended that the enHealth (2004) 
guidelines are revised to include that during low water levels and the days 
after a rain event, the RWT water should be filtered and boiled. Other 
options can included disinfection and filtering on a regular basis (Helmreich 
and Horn, 2009); however, unless made mandatory this is unlikely to be 
adopted in Australia. 
6.5 Summary 
This chapter has discussed and highlighted the methodology, results and 
implications of the cross-sectional, longitudinal water quality and quantity 
testing. The study was conducted on five RWT, a stormwater outlet and an 
OSD discharge control pit located in Western Sydney (see Chapter 5 for 
details). The testing started on the 1 October 2008 and was finalised on 10 
October 2009.  
 
Grab samples were collected from the closest tap to the RWT, overflow and 
first-flush on a weekly basis and continuous water quality probes were fitted 
to two of the tanks. A record was kept on the available water volume within 
the RWT, and usage of the RWT (i.e. user on holidays or not). The two sites 
fitted with the continuous water quality probes, also were fitted with a rain 
gauge and flowmeter to estimate flow rates into the RWT. When flows were 
observed at the stormwater outlet grab samples were collected and the 
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discharge was estimated. On no occasion during the year of testing was there 
sufficient flow in the OSD discharge control pit to collect a sample. 
The grab samples were tested according to a bi-monthly rotating schedule. 
The first six months of testing was conducted in-house and followed a 
detailed quality assurance plan and testing methodologies based on the 
APHA handbook and the Australian Standards. The second six months of 
testing was conducted by Sydney Water and based on APHA, AS and the 
ASTM.  
 
The QA procedures of the water quality probes included calibration prior to 
the site installation, verification on a weekly basis using the HACH HQ 40D 
probe and validation after removal from the site. The QA process identified 
that for DO and turbidity, only the HACH HQ 40D probe results could be 
utilised and that the calibration had held for all the probes for pH, 
conductivity and temperature. 
 
The rainfall gauges were calibrated externally and have been found to have 
an inherent measurement error of ±3%. The flowmeters were checked in-
house and an equation was established for the conversion of the recorded 
flow in mA to flow in L s-1. This conversion was completed using an in-house 
developed program in Matlab (see Appendix E).  
 
The results of the longitudinal cross-sectional study were presented in this 
chapter. In total 918.6 mm of rain was recorded for Site 1 and 609 mm of rain 
for Site 2, which varies slightly with the BOM recorded rainfall of 595 mm. In 
total 139 storm events were recorded on Site 1 and 126 storm events on Site 2. 
The one-minute maximum rainfall recorded was 5.8 mm hr-1 and 3.8 mm hr-1 
for Site 1 and Site 2, respectively, resulting in a peak flow of 20.7 L s-1  into 
Tank 1. A record was kept of overflows indentifying the occurrence in 
overflows on the sites. The error in the flowmeter data for Site 2 was found to 
be significant and, therefore, the data was excluded from the analysis. 
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The continuous and grab sample water quality results were also presented in
this chapter, including the average results of the tank, overflow, first-flush
and stormwater samples.
The quantity results were utilised in the development of a water quantity
balance model, which identified the minimal use of water on Site 1 and the
distribution of irrigation occurrence on Site 2. It is interesting to note that
Site2 utilised mains water to top-up the RWT when water levels were low
and when there was minimal rainfall expected, whilst Site 1 reduced their
water consumption to 10 L day-1. The quantity analysis also identified that
the volumetric run-off coefficient for Site 1 varied from 0.07 – 0.90, which
was significantly lower than the commonly utilised 0.8 or 0.95 for typical
water balance computations. This indicates that in conventional design the
volume run-off modelled into the RWT could be over estimated. The
volumetric coefficient is, however, dependent on roof catchment and
downpipe characteristics.
The water quality within the RWT varied significantly. The materials of the
RWT may have a significant influence on the water quality within the RWT.
Those sites with Colourbond®, Zincalume® or corrugated steel, all showed
significant high concentrations of aluminium, copper and zinc in both the
overflow and the tank samples. The site containing concrete had higher
elevations of hardness and conductivity and a higher pH. Lead
contamination occurred on a number of occasions in all the RWT, as well as
high values of E. coli and Enterococcus sp. It is therefore recommended that
all RWT users employ a sterilising method on their water prior to
consumption, especially after a rain event.
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The volumes in the RWT and site temperature were also compared to the 
tank samples. It was found that the site temperature directly affects the RWT 
temperature, was expected and the RWT temperature was not significantly 
influenced by the volume of water in the RWT. Furthermore, the RWT 
temperature affects various pollutants within the RWT, but no predictive 
equation could be developed. The pollutants were not affected by the depth 
of water within the RWT, except for DO, which is highly dependent on 
atmospheric mixing. 
 
The overflow samples were, on average, above the AFWG (2000a, 2000b), 
thereby increasing the strain (in terms of quality) on receiving waters. This 
was mirrored by the first-flush results. Both the overflow and first-flush had 
values above or within the requirements of the Hawkesbury- Nepean River 
or Redbank Creek. It should be noted that the influence of any pollutants is 
not directly visible, as it is the accumulation of all urban areas discharging 
into these rivers causing the pollution. Mixing of the overflow and first-flush 
could reduce the concentrations prior to discharge into a creek or river. 
 
The stormwater was tested for the North Richmond area and the results 
showed elevated levels in regards to the heavy metals and microbes, which 
highlighted the need for a treatment strategy on a catchment scale. Of 
particular concern were the high readings for the heavy metals and microbes. 
The heavy metals also bio-accumulate, so therefore proper source control is 
needed to minimise the effect of urban development on receiving waters. 
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The water quality and quantity results were contrasted and the effect of 
storm events on the quality was examined. It was found that longer 
antecedent time periods are more likely to result in elevated pollutant levels, 
which is attributed to the potential build-up that can occur during these long 
antecedent dry periods, as expected. In addition, the overflows are more 
likely to show elevated pollutant levels when the elapsed time between 
overflow events is greater than about eight days. 
 
The tank water samples were compared to the overflow samples and the 
results show that high levels of biota exist at the top of epilimnion in the 
RWT. The air/liquid interface or top of the water column is high in oxygen 
and can include more nutrients than the remainder of the tank volume. This 
biofilm is also likely to be the first flow out of a RWT during an overflow 
event. This overflow is often unsuitable for secondary contact for humans 
and detrimental to aquatic systems. It is therefore recommended that the 
overflow of the tank be treated prior to discharging into receiving water 
bodies using a WSUD element, as detailed in Chapter 3. 
 
The results of this chapter have been used in the modelling of Tank 1 and 
Tank 2 and the selected urban catchment in XP-SWMM, which is discussed 
and highlighted in the next chapter. 
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Chapter 7 Lot and Catchment Scale Modelling 
7.1 Introduction 
Stormwater quality and quantity modelling are often conducted to assess the 
effect of stormwater management solutions. This chapter utilises the results 
from the water quality and quantity study (see Chapter 6) to model the 
impact of Rainwater Tanks (RWT) on the run-off discharges from Site 1 and 
Site 2 and the selected urban catchment in XP-SWMM (see Chapter 5). In this 
chapter, the quality assurance and methodology for modelling are discussed 
followed by the results and implications of RWT on a lot and catchment scale 
in respect to stormwater quality and quantity management. The rationale 
applied in modelling assumes that these stormwater models provide an 
insight into the use and management of stormwater stored in RWT on a lot 
and catchment scale (American Public Works Association Research 
Foundation (APWA) and Institute for Water Resources of the American 
Public Works Association, 1981). Where possible the measured data from the 
sites were utilised in the developed models, but assumptions have been 
made in regards to the parameters representing the pervious areas in both 
the lot and catchment scale models. The limitations and assumptions in the 
modelling are detailed in Section 7.2.3. In Chapter 5, it was deemed that XP-
SWMM was the most suitable software program for this modelling exercise 
and hence was adopted in this chapter. It should be noted that other models 
could be developed based on the data collected in this thesis to assess if 
similar or even the same conclusions can be reached utilising different 
modelling approaches and methodologies; however, this was not undertaken 
in this thesis, due to resource constraints. 
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7.2 Methodology 
7.2.1 Background 
Modelling errors can be minimised by utilising suitable modelling methods 
and defining the input parameters, modelling constraints and modelling 
assumptions. Common errors that can occur within a modelling exercise are 
random or systematic errors in the input data, random or systematic errors in 
the recorded data, errors due to non-optimal values and errors due to 
incomplete or biased model structures (Abbott and Refsgaard, 1996). The 
errors in the recorded data are minimised by implementing best practices 
during sample collection, storage and testing (see Chapter 6). The random 
and systematic errors in the input data are minimised using appropriate 
ranges for each parameter and by ensuring that measurable parameters were 
quantified on-site (see Chapter 5 and Section 0). Errors due to non-optimal 
values are minimised through uncertainty analysis, calibration and 
validation (see Chapter 3 for a discussion on terminology). Errors due to 
incomplete or biased structures within the program are much more difficult 
to address, but the developers of XP-SWMM have assisted in rewriting the 
program by addressing errors within the water quality component of the 
nodes. It should be noted that the author of this thesis has been advised that 
a new revision of XP-SWMM will be available at the end of 2011, which will 
include revised water quality treatment techniques (T. Kuch, 2010 [XP-
software], email 15 December). 
 
Two very distinct models were prepared, which were all calibrated and 
validated, using the results from the water quality research. The domestic 
dwelling is calibrated at the RWT node and is based on the RWT quality and 
quantity results from the longitudinal cross-sectional study. The catchment 
wide model is calibrated with results from the outlet and the assumption that 
the domestic dwellings measured and modelled in this study are 
representative of the whole council area.  
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7.2.2 Modelling Method 
The modelling method utilised in Chapter 5 is deemed suitable for the lot 
and catchment scale models developed in this chapter. The lot scale 
stormwater model prepared in this chapter is calibrated with the first six 
months of water quality and quantity data. The lot scale RWT model is 
validated using the second six months of water quality and quantity data 
collected on-site. This model is also validated using a proxy-basin test (see 
Chapter 4) with the water quality and quantity data collected on Site 2 
(Abbott and Refsgaard, 1996). 
 
The initial parameter distributions for the lot scale model are shown in Table 
5-30. Chapter 5 also showed that XP-SWMM is extremely sensitive to roof 
area, Manning’s n for roof, downpipe and overflow, slope of roof and 
impervious area. Limited sensitivity was identified in the downpipe 
diameter, water use, Laurenson’s  (1964) parameters (see Section 5.5.2.3). 
These sensitive parameters were concentrated on to recalibrate the pilot 
study model with the longitudinal cross-sectional water quality and quantity 
data. This is followed, as per the modelling procedure outlined in Chapter 5, 
by an uncertainty analysis to determine behaviour and non-behaviour 
generating parameters. The model was rerun with the full-year data set to 
validate the calibration of Site 1. In addition, a sensitivity analysis in regards 
to the errors in the rainfall was also conducted. To validate the results 
generated in the proxy-basin test, the values and parameters shown in Table 
5-27 for Site 2 were used. After confirmation that the lot scale model 
represented the site run-off for both sites, the RWT node was replaced with a 
suitable On Site Detention (OSD) node. The results of this modification to the 
model were compared to the original model to determine the likely impact of 
replacing existing requirements for OSD with RWT. 
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The calibrated nodes of the lots and RWT systems were utilised to represent 
the run-off from the various allotments in the North Richmond catchment. 
An original model of the catchment was developed with only 15% of the 
allotments containing RWT (Barnes, Turnbull and Cimbaly, 2009; Barnes et 
al., 2010). The calibration of this model was conducted using the data 
collected on the outlet of the system. Only a limited amount of discharge 
data was collected, but 80% of the data was used for calibration whilst the 
remaining 20% was used to confirm the calibration. The allotment nodes 
were replaced randomly with the RWT node configuration until 100% 
uptake of RWT was represented in the model. The various degrees of uptake 
of the RWT were compared with the original catchment model to determine 
the impact of RWT on a catchment scale. A Matlab program was written to 
evaluate the data sets generated by the models (Appendix E.IV), as 
conventional analysis packages were unable to evaluate the large data sets. 
7.2.3 Modelling Assumptions 
There are different run-off routing methods available to model rainfall run-
off effects of urban catchments. Common methods utilised in models are 
time area method and Laurenson's/Aitken's method (Aitken, 1973, 1975; 
Laurenson, 1964). The time area method can only be used in the SWMM 
model if the time of concentration is smaller than 5 min, whilst Aitken’s 
(1973, 1975) methods have only been verified for use on catchment areas 
between 0.8 km2 and 56 km2. Goyen (2000) utilised a modified Laurenson’s 
method (1964) to model small areas, such as roofs and sheets. Goyen’s (2000) 
method was successful in replicating various storm events on a small scale. 
The pilot study, shown in Chapter 5, identified that Goyen's (2000) method 
can be used for continuous RWT modelling as well. The models developed in 
this chapter both utilise Goyen's (2000) method and Aitken’s (1973, 1975) 
method for agricultural land. The B-value is changed for different land uses 
and shown in Table 7-1. 
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Table 7-1 B-value for different land uses 
Land-use B n Reference 
Roof 0.0001 -0.285 (Goyen, 2000) 
Pavement/roads 0.02 -0.285 (Goyen, 2000) 
Grass 0.03 -0.285 (Goyen, 2000) 
Agricultural 0.8-56 km2 see Equation 7-1 -0.285 (Aitken, 1975) 
 
                         
      Equation 7-1 
 
where B is the mean value for the sub-catchment, A is the sub-catchment area 
(km2), U is the fraction of catchment that is urbanised, and Sc is the main 
drainage slope of the catchment (%) (Aitken, 1973, 1975). It is assumed that 
for all agricultural areas U is equal to zero (Aitken, 1973, 1975). In the 
sensitivity analysis, these parameters are adjusted to determine the effect on 
flow and volume. In the lot scale OSD model, only roof and pavement are 
utilised, but in the catchment model, all land-uses are applied. 
 
The characteristics and pollutant input values vary, because the type of 
pollutant and its behaviour are the governing attributes. The longitudinal 
water quality and quantity study gave a limited data set. It is therefore 
assumed that the results presented by Miguntanna (2009), Duncan (1999) and 
Fletcher et al. (2004) can be utilised as alternative data for direct run-off from 
different surfaces. The pilot water quality model showed that the removal of 
pollutant in the tank node in XP-SWMM could be achieved by utilising the 
RMAX coefficient. It is therefore assumed that the same coefficients can be 
utilised for the full year lot and catchment scale models. The pilot study in 
Chapter 5 also identified that the build-up and wash-off functions discussed 
in Chapter 3 can be utilised for modelling the pollutant concentrations in the 
run-off in Western Sydney. It is, therefore, assumed that the pollutant 
concentration within the RWT can be predicted using the wash-off and 
build-up functions, as long as they are calibrated with the available collected 
data as well as the data presented in the literature. The data collected 
throughout the pilot study identified that Total Suspended Solids (TSS) and 
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Total Solids (TS) could not be measured in the RWT water, therefore, 
conductivity and turbidity were measured on a regular basis and a 
conversion equation was developed after the pilot study. It is assumed that 
this conversion equation is applicable to the data collected throughout the 
study period and that these data can be utilised to calibrate the RWT water 
quality model for both Site 1 and Site 2. Furthermore, it is also assumed that 
all build-up and wash-off coefficients include the effects of street sweeping 
and atmospheric deposition (Ball, Jenks and Aubourg, 1998; Torno, Marsalek 
and Desbordes, 1986). 
 
The calibrated RWT models are assumed to represent all RWT utilised within 
the catchment area. Although the majority of the RWT utilised within the 
catchment area are likely to be for irrigation only, the demand characteristics 
of Site 1 were applied to RWT in the catchment model, as it contains a 
variation within demand. Two 100% uptake RWT catchment models were 
used. In the first model, the catchment drainage system is not modified. In 
the second model, the sediment data is removed out of the drainage system 
and the upstream proposed developed area is included as impervious area. 
This provides an indication on the current function of the drainage system 
and its potential when it is maintained on a regular basis, including the effect 
of RWT.  
 
Furthermore, a theoretical OSD basin for each site is assumed representative 
of the OSD systems that could be constructed on these sites. Therefore, OSD 
systems have been designed for both sites. In addition, as no significant 
flows were observed in the monitored OSD basin and it was designed by the 
same process, it is expected that there will be similar results in the designed 
systems, except for one of the large events in the testing period. 
 
  
M.F.E. van der Sterren   
309 
The three branch approach developed by Goyen is assumed the most 
suitable method of modelling the catchment by constructing them out of the 
different land uses in the area (Goyen, 2000; Goyen, Lees and Phillips, 2002). 
For the different land uses different Manning’s n values were used (for road 
(0.014), pavement (0.014), PVC pipes (0.009) and swales (0.033)). It was 
assumed that these parameters are identical throughout the catchment for 
each surface type (Blasone, Madsen and Rosbjer, 2008). 
 
The Horton infiltration method was used for all pervious areas to model 
infiltration of rainwater into the soil. The parameters are based on available 
literature and starting values are shown in Table 7-2 (Akan, 1991; Beven, 
2004; Horton, 1941; Nnadi et al., 1999; Philip, 1957). 
Table 7-2 Horton infiltration starting values 
Variable Unit Value 
Maximum infiltration rate mm h-1 76.2 
Minimum infiltration rate mm h-1 2.0 
Decay rate of infiltration s-1 0.00056 
Maximum infiltration volume mm 30 
Regeneration rate - 0.01 
 
TS, as discussed in Chapter 3, can be estimated using surrogate equations 
(Miguntanna, 2009) and is often directly related to turbidity (Chapman, 1992; 
Solo-Gabriele and Perkins, 1997). The results from the pilot study showed a 
strong correlation between conductivity and TS (R2=0.92) and therefore, a 
surrogate equation was developed for TS utilising conductivity. The 
correlation between the TS and conductivity results from the samples of the 
pilot study is shown in Figure 7-1, which resulted in surrogate Equation 7-2. 
 
                                             Equation 7-2 
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Throughout the full year study TS was not tested, and therefore, surrogate 
Equation 7-2 was used to estimate the TS concentrations for calibration and 
validation of the RWT model. It is assumed that although the TS 
concentrations are estimated, they are a suitable alternative for modelling 
purposes. 
 
Figure 7-1 Conductivity in relation to Total Solids 
The graph shows the surrogate equation and its relation to conductivity and TS. 
 
It should be noted that no water quality build-up and wash-off parameters 
were found in the available literature for Total Nitrogen (TN). It was shown 
in Chapter 3 that TN is dependent on antecedent dry periods (Irish et al., 
1998; Vaze and Chiew, 2002) and often adheres to solids. Starting values of 
TN calibration were therefore based on TS parameters. 
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7.3 Data Input 
7.3.1 Rainwater Tank Model 
The site model is based on the results discussed in Chapter 6. The rainfall 
data is converted and assumed to be evenly distributed within the one-
minute intervals. The site details have been recorded during the water 
quantity and quality study and these specifics are utilised for each of the 
particular sites. The specific site details used in the modelling are indicated 
in Table 5-27 for Site 2 (except for water depth) and Table 7-3 for Site 1. 
Table 7-3 Site 1 measured parameters 
Parameter Unit Value 
Roof area m2 144 
Slope roof % 5 
Gutter depth mm 0.11 
Downpipe mm 80 
Tank area m2 2.4 
Overall tank depth m 1.97 
Height overflow m 1.79 
Diameter overflow mm 60 
Initial depth m 1.78 
Initial TS mg L-1 0.36 
 
The model also included the estimated daily usage as determined with the 
water balance model discussed in Chapter 6. The setup of the model is 
shown in Appendix G.I. 
7.3.2 OSD Model 
The model for the OSD system could not be based on site data as no water 
samples were obtained during the period of testing. The validated RWT 
model was modified to investigate the impacts of OSD systems on water 
quality and quantity, instead of developing a specific OSD model based on 
the monitored subject site. Hypothetical OSD systems for both Site 1 and Site 
2 were designed according to the concept of controlling the post-
development flows to pre-development levels, which is the same method as 
used for the subject site visited during the water quality and quantity testing 
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period. To estimate the initial OSD volume prior to the design, the post-
development discharges were assumed to be controlled up to the equivalent 
of the 20-year ARI pre-development site discharge. A pre-development 
model was prepared to determine the likely pre-development discharges. 
The pre-development models assume that the site is 100% pervious and 
Aitken’s (1973, 1975) methods are suitable for use. The post-development 
model was based on the RWT model, but replaces the RWT node with an 
OSD basin, orifice and weir. The initial OSD volume was the starting point 
and refined to control the post-development discharges to the pre-
development levels for the design storm events (see Table 7-5). These 
hypothetical OSD configurations were used to test the OSD scenario for the 
sites and compared to the RWT discharges in Section 7.5.2. It is assumed that 
the screen within the OSD system does not remove TS, TP or TN. 
 
Table 7-4 Design characteristics of OSD basins 
Characteristic Unit Site 1 Site 2 Reference 
Orifice mm 60 125 Design 
Basin area m2 6 12 Design 
Basin depth m +1.56 +1.56 Design 
Weir level m +0.95 +0.75 Design 
Weir size m 1 +1 Design 
Orifice level m 0.00 0.00 Design 
Slope to OSD % 14.1 9.5 Design 
Pipe Diameter to OSD mm 150 150 Design 
1-year ARI Peak L s-1 11 6 Design 
 
7.3.3 Catchment Model 
The data for the catchments model was based on the survey work conducted 
by Barnes, Turnbull & Cimbaly (2009). The data was converted from 
MapInfo into XP-SWMM with a Digital Terrain Model (DTM) behind the 
stormwater model. The same input data and methods were used as in the lot 
scale model and various RWT sizes were estimated for randomly selected 
dwellings (see Table 7-5). The existing catchment has a 15% initial uptake of 
RWT and its is assumed that the demand patterns for Site 1 are 
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representative of the water use. The RWT are assumed to be used for all non-
potable water uses and are randomly assigned to the different hypothetical 
percent uptake of RWT in the catchment. 
 
Table 7-5 Amount of dwellings with tanks 
% of tank 
uptake in 
catchment 
Number of 5 
kL tanks 
Number of 10 
kL tanks 
Number of 15 
kL tanks 
Total 
number of 
tanks 
15 3 13 2 18 
25 2+3 7+13 2+drive 28 
50 9+2+3 16+7+13 3+2+drive 56    
75 7+9+2+3 20+16+7+13 3+3+2+drive 86 
100 12+7+9+2+3 16+20+16+7+13 3+3+3+2+drive 117 
 
The catchment areas were delineated using MapInfo and Aerial photos. The 
MapInfo files were imported into the model. The catchment delineation is 
included in Appendix G. MapInfo was used to ensure the delineation was 
conducted as accurately as possible, because poor delineation can result in 
modelling errors (APWA, 1981). A summary of the catchment area is shown 
in Table 7-6. 
 
Table 7-6 Summary of catchment areas 
 Units Total 
Roofs m2 28,891 
Pavement m2 26,119 
Pervious m-2 1,281,278 
Total m2 1,336,288 
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7.4 Results 
7.4.1 Rainwater Tank Models 
7.4.1.1 Calibration 
The lot scale model has been constructed with fine detail. This can increase 
the complexity of the model and ‘increase the non-unique parameter solution 
sets and model uncertainty’ (Obropta and Kardos, 2007, p. 1511). The 
modelling method discussed in Section 7.2.2 was used in the modelling 
process to ensure that a realistic model could be developed within the 
boundaries of the application. The continuous model was calibrated by 
varying the most sensitive parameters (see Chapter 5). The calibration results 
for the RWT hydraulics and TS concentrations are shown in Table 7-7. The 
parameter range was reduced by conducting a limited Monte Carlo analysis 
and the results are shown in Table 7-8 and water use in Table 7-9. 
 
Table 7-7 Calibration results for the RWT model on Site 1 
Parameter Unit Measured Modelled RMSE1/RE2 Correlation 
(no units) 
Qpeak instant L s-1 13.92 14.09 0.091 0.58 
Qpeak downpipe 
(1 min) 
L s-1 20.6 18.4 0.091 0.45 
Average water 
level 
m 1.61 1.69 0.141 0.29 
Qoverflow total m3 >2.24 79.2 - 0.39 
TStank average mg 
L-1 
0.43 0.48 15%2 0.25 
TSoverflow 
average 
mg 
L-1 
0.44 0.48 -1.0%2 039 
 
The calibration of the instantaneous run-off and total depth of flow gave 
excellent results with an overall RMSE of 0.09 L s-1 and a relative error of 
0.5%. The Nash-Sutcliffe efficiency was also deemed acceptable at 0.98. The 
calibration of routing through the downpipe proved to be more challenging. 
The dataset was measured on-site with an inherent ±25% error in the 
flowmeter. The volumetric calculations at a 15 second time step showed an 
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error in the peak flow of 0.20% and the RMSE was determined to be <0.09 L 
s-1. This error was not significantly reduced by modelling at a 5 second 
interval and therefore all modelling was conducted at 15 second intervals. 
The Nash-Sutcliffe efficiency was determined to be -0.25 (Dembélé, Bertrand-
Krajewski and Barillon, 2010; Nash and Sutcliffe, 1970). A difference of ±0.5 
can be observed in the Nash-Sutcliffe efficiency as a result of the ±25 % 
inherent error in the measured flow. In addition, the one-minute aggregate 
results gave a much higher Nash-Sutcliffe efficiency. This indicates a 
significant variation around the Nash-Sutcliffe efficiency as a result of error 
in the measured flow and time step. The data set was accepted based on a 
good volumetric calibration, minimal relative error and a small RMSE <0.1 L 
s-1. The peak, however, had an error of -12%, which means that some errors 
occur in the modelling at a higher rainfall intensity and is similar to the error 
recorded by others (Chai & Ball 2008; Goyen 2002; Gray & Ball 2009).  
 
The modelled water level was also calibrated to the measured water level 
and gives an average error of 138 mm. In addition, the correlation coefficient 
(R2) was 0.3, which is deemed acceptable for the analysis. 
 
The overflow indicated a correlation of 0.40, whilst the correlation of TS in 
the tank was 0.25 and TS in the overflow was 0.4. It was found that the data 
in Table 7-8 had a suitable calibration for Site 1 based on the first 6 months of 
data. 
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Table 7-8 XP-SWMM calibrated input parameters 
Parameter Unit Calibration parameter σ 
Laurenson’s B - 0.003 0.0001 
Laurenson’s n - -0.281 0.025 
Manning’s n - 0.008 0.002 
Days before simulation - 6 3 
TS – a kg ha-1 4.25 0.11 
TS – b - 0.385 0.17 
Maximum build-up TS kg 33 9 
TS – k - 0.58 0.03 
TS – wash-off exponent - 1 0 
TS removal % 0 0 
Slope of downpipe % 8 4.2 
Manning’s n downpipe % 0.015 0.003 
 
Table 7-9 Estimated water use for Site 1 
Depth of 
water (m) 
Use  
(m3 s-1) 
σ  
(m3 s-1) 
0 5.0e-8 2.5e—23 
0.005 1.5e-7 3.7e-23 
1.5 6.6e-7 3.9e-7 
1.6 7.7e-7 3.7e-7 
1.75 1.4e-6 3.6e-7 
2 1.22e-6 1.3e-6 
 
The spread of the behaviour and non-behaviour generating datasets for the 
full year study are shown in Figure 7-2 to Figure 7-10. The datasets have been 
reduced in comparison with the pilot study, as a results of more detailed 
modelling (see section 5.5.2). 
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Figure 7-2 Distribution of behaviour and 
non-behaviour generating Laurenson’s B value 
(randomly generated) 
Figure 7-3 Distribution of behaviour and 
non-behaviour generating Laurenson‘s n value 
(randomly generated) 
Figure 7-4 Distribution of behaviour and 
non-behaviour Manning’s n for run-off 
(randomly generated) 
 5  
Figure 7-5 Distribution of behaviour and 
non-behaviour antecedent dry days (randomly 
generated) 
Figure 7-6 Distribution of behaviour and non-
behaviour TS – build-up parameter a (randomly 
generated) 
Figure 7-7 Distribution of behaviour and 
non-behaviour TS – build-up parameter b 
(randomly generated) 
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Figure 7-8 Distribution of behaviour and 
non-behaviour TS maximum build-up (randomly 
generated) 
Figure 7-9 Distribution of behaviour and 
non-behaviour TS – wash-off parameter k 
(randomly generated) 
Figure 7-10  Distribution of behaviour and 
non-behaviour TS – initial concentration in tank 
(randomly generated) 
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7.4.1.2 Validation 
The validation for Site 1 RWT model was conducted on the full year data set, 
starting from 27 October 2008 to 6 October 2009. The validation run 
confirmed that the calibrated model can be used to predict the RWT water 
volume and outflows. The overall errors are shown in Table 7-10. 
 
Table 7-10 Validation model results 
Parameter Unit Measured Value RMSE1/RE2 Correlation 
Instantaneous Qpeak L s-1 13.9 14.09 0.061 0.60 
Downpipe Qpeak 
(1-min aggregate) 
L s-1 20.6 19.2 0.051 0.51 
Average water level m 1.31 1.66 0.581 0.37 
Total Qoverflow m3 >2.24 4.58 - -0.06 
Average TStank mg L-1 0.43 0.47 -20%2 0.27 
Average TSoverflow mg L-1 0.44 0.47 -19%2 0.30 
 
The results show a good simulation of volume and instant peaks. The 
measured peak discharge in the downpipe is also accurately modelled and 
the aggregate one-minute peak flow shows an error of -7.2%. Other peaks are 
also modelled well resulting in a low RMSE of 0.05 L s-1 a correlation of 0.51 
and a Nash-Sutcliffe efficiency of 0.14±0.23. The errors are within the error 
margins expected (Choi and Ball, 2002; Fang and Ball, 2008; Goyen, 2002; 
Gray and Ball, 2009). The tank depth and overflow, however, show an 
unsuitable correlation. The usage rates and RWT depth vary in the second 
half of the year (see Table 7-11) and therefore a second model was run for the 
validation with increased usage rates. 
Table 7-11 Revised estimated water use Site 1 
Depth of water in 
Tank(m) 
Water use from 
Tank (m3 s-1) 
0 0 
0.005 6.94e-8 
0.5 1.2e-6 
1.35 3e-6 
1.5 1e-6 
1.6 1e-6 
1.75 1.1e-6 
2.0 1.2e-6 
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The results of this second validation model show a correlation of 0.56 in 
water depth with an RMSE of 486 mm, whilst the overflow shows a 
correlation of -0.06. This also influences the water quality results, which are 
shown in Table 7-12. The results show a general improvement in fit to 
measured data. 
 
Table 7-12 Validation model results from revised water use 
Parameter Unit Measured Modelled RMSE1/RE2 Correlation 
Average 
water level 
m 1.31 1.59 0.481 0.56 
Total  
Qoverflow 
m3 >2.24 410 - -0.06 
Average  
TStank 
mg L-1 0.43 0.65 -44%2 0.48 
Average 
TSoverflow 
mg L-1 0.44 0.65 -17%2 0.29 
Maximum 
TSoverflow 
mg L-1 - 5.0 - - 
 
7.4.1.3 Total Phosphorus and Total Nitrogen 
Calibration 
Due to errors in the testing of TP and TN, as discussed in Chapter 6, TN and 
TP were tested successfully only in the second six months of testing. As a 
result, the calibration of these parameters was carried out on the data 
collected from 1 April 2009 to 14 September 2009. The calibration results 
indicate that TP and TN can be modelled with the parameters in Table 7-13. 
 
The correlation for TP tank was 0.64 and TP overflow was 0.89. The 
calibration model showed a relative error of 38% and 0.2% for TP in the tank 
and overflow for Site 1, respectively and for TN 58% in the Tank and 98% in 
the overflow. 
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Table 7-13 Calibration parameter and validation for TN and TP 
Parameter Unit Calibrated 
Parameter 
σ 
TP-a - 0.09 0.02 
TP-b - 0.15 0.02 
Maximum TP - 0.20 1.36 
TP-k s-1 0.55 0.04 
TP-coefficient - 1.5 0.15 
TP-removal % 0 - 
TP-initial mg L-1 0.45 0.07 
TN-a - 0.10 2.85 
TN-b - 0.40 0.3 
Maximum TN - 0.20 7.66 
TN-k s-1 0.60 0.10 
TN coefficient - 1.5 0.44 
TN removal % 0 0 
TN initial mg L-1 0.02 0.12 
 
Sensitivity Analysis 
A sensitivity analysis was conducted on the water quality parameters shown 
in Table 7-13, as per the methodology discussed in section 5.5.2. The 
sensitivity analysis identified the behaviour generating and non-behaviour 
generating parameter sets. The sensitivity analysis for TN is shown in Figure 
7-11 to Figure 7-15. The results indicate a high sensitivity to maximum build-
up of TN and wash-off parameter k. The sensitivity analysis for TP is shown 
in Figure 7-16 to Figure 7-20.  The results for TP also show a high sensitivity 
to maximum build-up, wash-off parameter k and the initial TP concentration 
within the tank. This is similar to the findings of Smith (1997), who identified 
that build-up is not the governing relation in build-up and wash-off 
modelling. The calibrated results for TP deviate from the calibration 
conducted by Abustan (1997), but is expected as roofs are considered to have 
less build-up of TP. The wash-off coefficient is within the same range as 
Abustan (1997) calibration of wash-off parameter k for TP. 
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Figure 7-11 Distribution of behaviour and 
non-behaviour generating TN build-up 
parameter a (randomly generated) 
Figure 7-12 Distribution of behaviour and 
non-behaviour generating TN build-up 
parameter b (randomly generated) 
Figure 7-13 Distribution of behaviour and 
non-behaviour generating maximum build-up for 
TN (randomly generated) 
 . 
 
Figure 7-14 Distribution of behaviour and 
non-behaviour generating of initial 
concentration of TN in the tank (randomly 
generated) 
Figure 7-15 Distribution of behaviour and 
non-behaviour generating TN wash-off 
parameter k (randomly generated) 
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Figure 7-16 Distribution of behaviour and 
non-behaviour generating TP build-up 
parameter a (randomly generated) 
Figure 7-17 Distribution of behaviour and 
non-behaviour generating TP build-up 
parameter b (randomly generated) 
Figure 7-18 Distribution of behaviour and 
non-behaviour generating maximum build-up for 
TP (randomly generated) 
  
 
Figure 7-19 Distribution of behaviour and 
non-behaviour generating of initial 
concentration of TP in the tank (randomly 
generated) 
Figure 7-20 Distribution of behaviour and 
non-behaviour generating TP wash-off 
parameter k (randomly generated) 
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Validation 
The validation of the TN and TP parameters was conducted on a two week 
data set from 14 September 2009 to 6 October 2009. TP can be successfully 
modelled, with a relative error of -52% for both tank and overflow. The TN 
was more difficult to model and although the relative error for the TN in the 
tank was -7.1% and in the overflow was 97%, the overflow results were 
deemed unsatisfactory (see Table 7-14). The limited data sets may require a 
visual comparison as well as a statistical comparison (Codner, 1989) and as a 
result the overflow TN modelling was deemed unsatisfactory (see Figure 
7-21), but the TP in the tank overflow, in addition to the TN in the RWT was 
deemed acceptable (see Figure 7-22 to Figure 7-24). TS was also successfully 
modelled with a revised water use, showing a relative error of -44% in the 
RWT and -17% in the overflow (see Figure 7-25 and Figure 7-26). 
 
Table 7-14 Summary results TP and TN validation 
Result type Unit TP TN TS 
Maximum mg L-1 4.97 0.26 5.0 
Minimum mg L-1 0.65 0.03 0.65 
REtank % 52 7.1 44 
REoverflow % 52 97 17 
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Figure 7-21 Total Nitrogen concentrations in the Tank on Site 1 Figure 7-22 Total Nitrogen concentrations in the Overflow on Site 1 
The modelled (-) and observed () TN concentrations are shown in this figure. The 
general trend of the observed data is maintained in the model. 
 
The modelled (-) and observed () TN concentrations are shown in the figure. The 
modelled data shows minimal correllation to the limited observed data. 
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Figure 7-23 Total Phosphorous concentrations in the Tank on Site 1 Figure 7-24 Total Phosphorous concentrations in the Overflow on Site 
1 
The modelled (-) and observed () TP concentrations are shown in this figure. The 
general trend of the observed data is maintained in the model. 
 
The modelled (-) and observed () TP concentrations are shown in the figure. The 
general trend of the observed TP concentrations is maintained in the model. 
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Figure 7-25 Total Solids concentrations in the Tank on Site 1 Figure 7-26 Total Solids concentrations in the Overflow on Site 1 
The modelled (-) and observed () TS concentrations are shown in this figure. The 
general trend of the observed data is maintained in the model. 
 
The modelled (-) and observed () TS concentrations are shown in the figure. The 
general trend of the observed TS concentrations is maintained in the model. 
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7.4.1.4 Rainfall Validation 
The rainfall data was induced with static and random errors, as described in 
Chapter 5 and Equation 5-9. The static error on the full year data set at ±30%, 
confirmed that the model is sensitive to negative error in the rainfall, but that 
a positive error in the rainfall causes minimal deviation (see Figure 7-27). 
 
The ±30% error and random error showed that the variation around the 
modelled peak was ±0.05 L s-1 and the RMSE shows a variation of ±0.01 L s-1 
in the discharge into the tank. The water level correlation varied between 
0.37 and 0.44.  Figure 7-28 shows the variation in water level as a result of the 
static and random error in the rainfall, clearly showing a greater variation in 
water level from the +30% static rainfall error. The correlation of the 
overflow showed minimal fluctuation. The water quality parameters also 
showed little influence by an error in the rainfall, with all parameters 
showing a ±8% variation in relative error as a result of erroneous rainfall. 
 
This indicates that an under or over estimation (up to 30%) of the rainfall will 
have a minimum impact (±8%) on the overflow discharges from the subject 
sites. 
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Figure 7-27 Discharge versus discharge from random and static error 
induced rainfall 
Figure 7-28 Water level in tank versus water level from random and 
static error induced rainfall 
The random error in the rainfall results in a random error in the discharge, whilst the 
static -30% error under estimates the discharge and the +30% error overestimates the 
discharge into the tank. 
The random error in the rainfall results in a random error in the water level in the 
tank, whilst the static -30% error under estimates the water level in the tank and the 
+30% error overestimates low water levels, but has a minimal influence on the water 
level during high water levels. 
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7.4.1.5 Proxy-Basin Validation 
A proxy-basin test was conducted on the full-year data set of Site 2. The 
characteristics of the Site 2 RWT were used for the proxy-basin test as shown 
in Table 5-27, except for water use and initial depth. The water use was 
modelled as a constant of 0.0014 L s-1 for the node to simulate the draw down 
on the RWT and refilling of the RWT was modelled using a gauged inflow. 
 
The proxy-basin validation shows good results for the water quantity 
modelling, indicating that the calibrated parameters can be used for water 
quantity analysis of RWT in Western Sydney (see Table 7-15). The water 
quality results deviate significantly from the measured values (see Table 
7-15), which is attributed to the estimated static water use and the inability of 
XP-SWMM to model time dependent outflows from the RWT. This over-
estimated the water use, reduced the volume of water in the RWT and 
increased the concentration of pollutants within the RWT. Modelling of the 
use from the RWT dependent on time could potentially improve the quality 
validation of the RWT model. 
 
Table 7-15 Proxy-basin validation conducted on data for Site 2 
Parameter Unit Measured Modelled RMSE1 
/RE2 
Correlation 
Instantaneous 
Qpeak 
L s-1 102.4 23.4 0.881 0.12 
Downpipe Qpeak  
(1-min aggregate) 
L s-1 32.5 20 0.312 0.27 
Average water 
level 
m 1.839 0.49 - 0.28 
Total Qoverflow m3 >23.15 21.2 - 0.13 
Average  
TPtank 
mg L-
1 
0.57 0.40 >100%2 error 
Average  
TPoverflow 
mg L-
1 
0.36 0.40 >100%2 - 
Average  
TNtank 
mg L-
1 
0.07 0.03 >100%2 - 
Average  
TNoverflow 
mg L-
1 
0.65 0.03 12%2 0.88 
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7.4.2 OSD Model 
Both Site 1 and Site 2 RWT models were modified as per Table 7-4. The OSD 
models give an indication of the water quality and quantity for the 
longitudinal cross-sectional study. The OSD records showed flow in the 
discharge control pit during 13 March 2009, as this was a non-sampling day, 
no samples were obtained. The hypothetical OSD basins show a similar 
result as both only contain flows in the DCP during this particular storm 
event.  
 
Both OSD models still constrain the flows and reduce the peak run-off (80% 
for Site 1 and 66% for Site 2) to a much lower discharge rate (4.10 L s-1 for Site 
1 instead of 13.8 L s-1 and 5.72 L s-1 for Site 2 instead of 42.6 L s-1).  The 
reduction is significant and is shown in Figure 7-29 for Site 1 and Figure 7-30 
for Site 2, but is only noteworthy for the larger flows. The water quality also 
shows an average discharge of pollutants lower than those of the RWT 
overflow (see Table 7-16), but higher maximums. 
 
Table 7-16 Water quality and quantity results for the OSD models 
Results in discharge Unit Site 1 Site 2 
Peak discharge into Tank L s-1 13.8 36.9 
Peak orifice discharge L s-1 4.2 10 
Average TNorifice mg L-1 589 4.09 
Maximum TNorifice mg L-1 1,371x103 16,728 
Minimum TNorifice mg L-1 0 0.005 
Average TPorifice mg L-1 8.36 5.51 
Maximum TPorifice mg L-1 80,587 46,437 
Minimum TPorifice mg L-1 0 0 
Average TSorifice mg L-1 504 247 
Maximum TSorifice mg L 4,659 x103 1,865 x103 
Minimum TSorifice mg L 0 0 
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Figure 7-29 Flow reduction as a result of an OSD system on Site 1 Figure 7-30 Flow reduction as a result of an OSD system on Site 2 
This figure shows the roof run-off from Site 1 discharging into the OSD system versus 
the orifice outflow of the OSD system. As can be seen from the figure, the very low 
flows are uncontrolled in the OSD system. The higher the flow rate, the more the OSD 
will control the flow 
This figure shows the roof run-off from Site 2 discharging into the OSD system versus 
the orifice outflow of the OSD system. As can be seen from the figure, the very low 
flows are uncontrolled in the OSD system. The higher the flow rate, the more the OSD 
will control the flow 
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7.4.3 Catchment Model 
7.4.3.1 Calibration 
The design storm for the study catchment was computed to be the 45-
minutes 100 year-ARI by GHD in 1989. The modelled peak flow for the 45-
minutes 100-year ARI storm event on a single catchment basis was 22.3 m3 s-
1, which is similar to the design peak flow used by GHD of 23.0 m3 s-1. The 
weir overflow or bypass through North Richmond was previously designed 
for a 9 m3 s-1 flow (R. van Es [Gutteridge Hasking & Davey] 1989, report, 6 
March). A detailed model of the catchment based on the design constructed 
on site, identified that due to routing through the detention basin and swale, 
using the Laurenson’s and Goyen’s method would reduce the flows to 0.8 m3 
s-1 to Redbank Creek and 2.0 m3 s-1 over the weir. Council required GHD to 
ensure the flows through North Richmond did not exceed 3 m3 s-1 for the 45-
minute storm event and this was shown not to occur in the remodelled 
catchment (R. van Es [Gutteridge Haskins & Davey] 1989, report, 6 March). 
These models show that the detailed catchment model is representative of 
the approximate flows it was originally designed for. 
 
The calibration of the catchment model was conducted on 80% of the 
collected data for the stormwater point. This data is limited and therefore the 
catchment is only calibrated for the low flows recorded. The high flows are 
an estimation only, as no data was collected for these larger flows due to 
resource constraints. The model shows a reasonable correlation with the 
measured data in regards to flows (see Figure 7-31). 
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Figure 7-31 Modelled and measured discharges through catchment outlet 
This figure shows the modelled and measured discharges through the catchment outlet into Redbank creek. The modelled discharges show a higer discharge rate thatn the 
measured discharges. This differences is attributed to the method of measurement and timing of measurement. The trend of the modelled versus the measured data points 
showed a correlation of 0.81 and a RMSE of 0.54 m3 s-1. 
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7.4.3.2 Validation 
The validation was conducted on 20% of the collected data set for the 
stormwater outlet. The observed flow data showed a reasonable correlation 
of 0.53 with the modelled data set. The water quality could not be modelled 
in the catchment model, due to an error within the software program. The 
discharges from the RWT overflows are currently not routed downstream, 
thereby creating model errors. It was therefore decided not to conduct any 
catchment water quality modelling in this thesis. 
 
7.4.3.3 RWT Scenarios 
The RWT scenarios, shown in Section 7.3.3, were modelled using the real-
time data and the design flows. The results of the model are shown in Table 
7-17 and Table 7-19. A reduction of the local flooding in the catchment is 
likely to occur as RWT are implemented in the area. In addition, the results 
also show a reduction in peak flows and velocity of flow discharging into 
Redbank Creek. The volume of discharge in the creek increases as more 
flows are routed downstream and less volume of runoff if flooding the local 
area. The reinstatement of the existing swale and removing rubble from the 
hot spots can further improve the functioning of the drainage system, 
although it does create a further increase in volume discharging into 
Redbank Creek. The local flooding could be decreased from 30x109 m3 to 
904m3 resulting from the rainfall in the sample year even though there is an 
increase in impervious area. 
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Table 7-17 Results of the different percentage uptake of RWT in the 
catchment in respect to the discharge characteristics to Redbank Creek 
Scenario change 
volume 
(%) 
change peak 
discharge (%) 
change 
velocity 
(%) 
change 
flooding 
volume 
(%) 
Base-scenario-15% 0 0 0 0 
25% uptake 1377 0.37 4.98 -100 
50% uptake 2395 -5.87 0.50 -100 
75% uptake 2375 -8.86 -0.50 -100 
100% uptake 2384 -5.74 -1.0 -100 
100% uptake and 
maintenance of 
existing system 
3426 -3.50 95 -100 
 
Table 7-18 Results of the different percentage uptake of RWT in the 
catchment in respect to the discharge characteristics over the weir into 
North Richmond 
Scenario change 
volume 
(%) 
change peak 
discharge (%) 
change 
velocity (%) 
Base-scenario-15% 0 0 0 
25% uptake 238 0.02 0 
50% uptake 317 -0.17 0 
75% uptake 313 -0.13 0 
100% uptake 311 -0.31 0 
100% uptake and 
maintenance of existing 
system 
1400 70 17 
 
The volume of flows discharging over the weir and through the North 
Richmond catchment also increased notably, but the peak flows are 
decreased when rainwater tanks are implemented into the system. The 
development of the upstream system is likely to have a significant impact on 
the receiving drainage system (see Table 7-18), as a 1400% increase in 
volume, a 70% increase in peak and a 17% increase in velocity of flows are 
expected to occur.  
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7.5 Discussion 
7.5.1 Rainwater Tank Model 
The RWT models identified that with certain parameter sets the RWT in 
Western Sydney can be successfully modelled with XP-SWMM. The 
parameter sets can be approximated by a normal distribution and can be 
used to select appropriate parameters for a particular modelling exercise. 
These parameter sets can be used for a prediction of the behaviour of tanks, 
but there are constraints on its applicability (Boschetti, Grigg and Enting, 
2010; Nash and Sutcliffe, 1970). Therefore, any model developed with the 
distribution of parameter set shown in Table 7-8 and Table 7-13 are to be 
considered an estimation with a margin of error. Applicability of these 
parameters at other locations in Australia could also be investigated and the 
results presented in this chapter provide a starting point for calibration of 
RWT scenarios in XP-SWMM for both flow and water quality. 
 
The errors observed in the modelling are similar to other studies, which 
adopted SWMM and XP-SWMM modelling (Abustan, 1997, 1998; Choi and 
Ball, 2002; Goyen, 2000; Smith, 1997; Smith and Codner, 1998). RMSE for the 
peak of greater than 30 L s-1 have been observed by others (Choi and Ball, 
2002), whilst the generating parameter sets in this thesis showed a RMSE of 
up to 5 L s-1. Furthermore, the RE (11%) and the correlation (R2 = 0.51) also 
gave good results for all the RWT models. 
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The RWT models indicated that the water use behaviour can have a 
significant effect on the modelled outcomes. The water use behaviour was 
modelled as a stage discharge relationship; however, diurnal water use 
patterns are likely to be more representative. XP-SWMM at this stage does 
not provide this opportunity. It is recommended that the software 
developers consider implementing a simple diurnal water use behaviour link 
option in further upgrades to the software.  
 
As the validation models showed a reasonable agreement with the measured 
data, the RWT overflow discharges are assumed to be a representation of the 
actual discharges. Table 7-19 summarises the results of the RWT on Site 1 
and Site 2. 
 
Table 7-19 RWT overflow and discharge characteristics 
Characteristic Units Site 1 Site 21 Site 22 
Overflow from gutters m3 0.65 6.24 0 
Overflow through top of tank m3 0 148 0 
Total overflow discharge volume m3 138 606 5.3 
Peak overflow discharge L s-1 3.0 0.9 0.42 
Average overflow discharge L s-1 3.4e-3 6e-3 2e-4 
Velocity of overflow discharges m s-1 1.04 0.44 0.24 
Velocity of discharge into the RWT m s-1 1.7 1.8 1.8 
Mains water added to tank m3 0 131 131 
1uses Site 2 collected rainfall data 
2uses Site 1 collected rainfall data 
 
The modelling and the results, shown in Chapter 6, indicated that both RWT 
are able to meet the desired demand, due to self-imposed reductions in water 
use or top-up of the RWT using mains water. Both RWT showed a reasonable 
volume of overflow from both the gutters and the top of the RWT. It is, 
therefore, reasonable to suggest that the RWT could potentially be of a larger 
volume to capture a larger volume of rainfall for use if costs permit. The 
overflow from the gutters and the tank would drain overland to the 
receiving drainage system.  
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In addition, the rainfall recorded at the site did not exceed the 1-year ARI
and all flows show a notable reduction through the RWT (see Figure 7-32).
This reduction clearly shows that for events up to the 1-year ARI a significant
reduction of flow occurs. The velocities into the RWT reached a maximum of
1.8 m s-1 and these velocities were significantly reduced to 1.04 m s-1 and 0.24
m s-1 for Site1 and Site 2, respectively.
The water quality modelling results show an increased concentration of the
modelled pollutants during low water levels in both Tank 1 and Tank 2. This
is also confirmed with the testing results shown and discussed in Chapter 6.
During low volumes, it is expected that mixing will occur of the water
column through stratification and turbulence. After a rainfall event or a low
volume situation, it is recommended that additional water quality
improvement techniques (such as an additional filter or boiling the water)
are used to protect consumers.
7.5.2 OSD versus RWT Model
It was found in Chapter 2, that RWT can reduce the total volume of
discharge from a lot scale, but that peak reductions were unlikely or limited.
The validated RWT model was compared to the OSD model for both the
study sites. Figure 7-32 and Figure 7-33 clearly show that for events equal to
or below the 1-year ARI, a RWT is likely to have a similar discharge as an
OSD system. The more end-uses the RWT has, the more the peak flow is
reduced on a lot scale (see Section 7.5.1). The orifice discharge from the OSD
system has been compared to the RWT overflow discharges for both sites
(see Figure 7-34 and Figure 7-35) and there is a notable reduction in
discharges if RWT are utilised for control of site discharges up to and
including the 1-year ARI storm events recorded during the sampling year.
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A RWT of appropriate size on a lot plumbed into the dwelling for toilet
flushing, laundering, hot water and irrigation is likely to reduce the post
development flow to pre-development levels up to and including the 1-year
ARI. The OSD basin can be downsized, as the orifice would only need to
control the 2-year ARI and up to the 100-year ARI and therefore, have a
significantly higher minimum discharge rate and smaller storage volume. If
the OSD system is combined with further irrigation (i.e. bio-retention) then
further reduction in OSD volume might be achieved, however, this is outside
the scope of this research.
Table 7-19 shows the discharge characteristics for the RWT on Site 1 and
Site2. Table 7-20 shows the discharge characteristics of the same sites with
the RWT replaced by OSD systems. The results of the OSD systems show
higher average and peak flow rates with a relatively higher velocity of flow.
The OSD systems, however, have minimal overflow from the top of the basin
and a significantly greater discharge volume through the overflow. This
indicates that a RWT on a site would not only reduce the volume of overflow
discharge to the kerb and gutter, but for storm up to the 1–year ARI would
reduce the velocity, mean and peak discharge rates.
Table 7-20 OSD overflow and discharge characteristics
Characteristic Units OSD 1 OSD 2
Overflow from gutters m3 0.11 0
Overflow through top of tank m3 0 0
Peak discharge into tank L s-1 14.1 36.9
Total discharge volume m3 140 581
Peak orifice discharge L s-1 4.1 10
Average orifice discharge L s-1 0.005 0.02
Velocity of orifice discharges m s-1 1.35 0.84
Volume pavement m3 0 191
Volume roof m3 140 388
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Figure 7-32 Roof runoff reduction as a result of RWT and OSD systems 
on Site 1 
Figure 7-33 Roof runoff reduction as a result of RWT and OSD systems 
on Site 2 
This figure shows the roof runoff versus the RWT overflow and OSD orifice 
discharges. The model results are based on the calibrated and validated lot scale 
model for Site 1. The data shows that there is a greater reduction in flow from the roof 
using the RWT system than OSD system for storm events up to 1-year ARI. 
This figure shows the roof runoff versus the RWT overflow and OSD orifice 
discharges. The model results are based on the calibrated and validated lot scale 
model for Site 2. The data shows that there is a greater reduction in flow from the roof 
using the RWT system than OSD system for storm events up to 1-year ARI. 
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Figure 7-34 RWT versus OSD discharges for Site 1 Figure 7-35 RWT versus OSD discharges for Site 2 
This figure shows the OSD discharge through the orifice versus the discharge through 
the overflow of the RWT. The model results are based on the calibrated and validated 
lot scale model for Site 1. The data shows that there is a greater reduction in flow 
using the RWT system than OSD system for storm events up to 1-year ARI. The 
predictive reduction equation shown in the figure has a coefficient of determination of 
0.42 (R2=0.42).    
This figure shows the OSD discharge through the orifice versus the discharge through 
the overflow of the RWT. The model results are based on the calibrated and validated 
lot scale model for Site 2. The data shows that there is a greater reduction in flow 
using the RWT system than OSD system for storm events up to 1-year ARI. The 
predictive reduction equation shown in the figure has a coefficient of determination of 
0.01 (R2=0.01).    
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7.5.3 Catchment Model 
The catchment model identified a reduction in peaks and velocities, when a 
greater number of RWT are installed in the catchment. The base model 
showed significant local flooding, because of the sediment built-up within 
the swale drain and other litter collected in pit. It is recommended that 
maintenance is to be carried out to rectify this situation; however, it does 
highlight the need for removal of sediment from the stormwater flow before 
discharging the flows into the receiving system. 
 
The reduction in flows was shown to be significant as a result of the 
implementation of RWT confirming that the findings from other researchers 
using hypothetical catchment models and other OSD design methods apply 
to this particular catchment as well (Argue, 1997, 1998, 2004; Argue and 
Scott, 2000; Coombes and Barry, 2008; Coombes, Frost and Kuczera, 2001; 
Coombes et al., 2002a; Coombes et al., 2002c). In addition, the development 
upstream of the drainage system is likely to have an impact on the drainage 
system, but could be managed successfully by conducting maintenance and 
by implementing rainwater tanks throughout the catchment. This reduction 
up to the 1-year ARI can be significant for both developers and council.  
 
The model was developed with a large amount of detail, increasing the 
complexity of the model (Cantone, Garcia and Schmidt, 2008b; Dembélé, 
Bertrand-Krajewski and Barillon, 2010). It was, however, assumed that all 
measured parameters were error free and that parameters of the same 
surface type were identical, reducing the paramerisation of the model. The 
model was also calibrated, validated and critically analysed. It should be 
noted though that the catchment model is an estimation of the discharge 
behaviour and further detailed discharge and quality measurements would 
need to be conducted to calibrate the catchment model further, as this would 
enhance the model accuracy.    
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7.6 Summary 
This chapter has described the stormwater quality and quantity modelling 
conducted to assess the effect of RWT on urban stormwater management on 
both a lot and a catchment scale. The methodology adopted in the modelling 
exercise was based on the methods tested in Chapter 5 and errors were 
minimised by calibrating and validating the lot and catchment scale models. 
 
The lot scale model was calibrated with the first six months of data collected 
for Site 1 following the methodology and most sensitive parameters 
identified in Chapter 5. A sensitivity analysis was conducted on the lot scale 
model to identify behaviour and non-behaviour generating parameter sets 
and validated with the second six month of data collected for Site 1 and with 
a proxy-basin test with the data collected on Site 2.  
 
The RWT model for Site 1 was shown to provide an acceptable prediction of 
flows through the RWT with a RMSE of 0.05 L s-1 and a correlation of 0.51. 
The depth of water within the RWT was also modelled with an acceptable 
accuracy showing a RMSE of  480mm. Furthermore, the water quality was 
also modelled with an acceptable accuracy showing minimal errors, except 
for the TN modelling results, due to lack of data. Further validation using the 
proxy basin test identified that the water quantity into the RWT can be 
modelled in nearby locations with the same behaviour-generating data sets, 
but that the water quality and water use modelling should be tested with a 
greater dataset and a time dependent flow rate.  
 
This lot scale model was modified by replacing the RWT with a suitable OSD 
node. The data was compared and identified that a RWT has a similar 
reduction in flows as an OSD system for the post-development discharges for 
storm events up to and including the 1-year ARI. This was evident in the 
models for both sites. 
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The catchment model was prepared based on survey information provided 
by council and other researchers. The model was calibrated and validated for 
quantity with a limited data set and identified an acceptable fit for the full-
year data set. Five scenarios were tested using the catchment model. It was 
found that an increase in RWT uptake would reduce the peak discharge and 
velocity of discharge into Redbank Creek. It was also identified that the 
implementation of RWT could significantly reduce local flooding, but would 
increase the total volume of discharges to the receiving creek. The second 
outlet of the catchment, over the weir into the North Richmond drainage 
system showed a minor reduction in peak discharge and no change in 
velocity as a result of the implementation of the RWT, as well as a decrease in 
volume discharging from the system. Overall, it was found that the 
implementation of RWT can assist with preventing local flooding in the 
catchment and could assist in controlling discharges from the development. 
Furthermore, it is recommended that the drainage system is maintained to 
reduce flooding and to provide a suitable capacity in the system to contain 
the current and future flows. 
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Chapter 8 Discussion and Conclusions 
8.1 Discussion 
The new scientific knowledge developed in the previous chapters of this 
thesis is intended to form the basis for recommendations to improve current 
design guidelines for rainwater tanks (RWT) and on site detention systems 
(OSD) in the Western Sydney Region. This new knowledge, however, can 
also be adapted to other parts of Sydney and Australia. 
 
Chapter 1 of this thesis argued that the adoption of Total Water Cycle 
Management (TWCM) remains slow on both a lot and catchment scale, due 
to the restrictive nature of Government legislation, education and lack of up 
to date knowledge (Wong, 2006b; Wong, Brown and Deletic, 2008; Wong and 
Brown, 2009). It was shown in Chapter 2 that local government legislation is 
inflexible and does not fully consider the benefits rainwater tanks can offer to 
both water quality and quantity control. Mouritz (1996) also called for more 
flexible and up dated local government guidelines and this chapter 
highlights some opportunities that arose from the research conducted in this 
thesis. Chapter 2 argued that council legislation for urban stormwater 
management shows significant differences across councils and can be 
contradictive within the same document, such as a mandatory kerb and 
gutter system is required even if a bio-retention swale is implemented. It is 
therefore apparent urban policy on a council level needs to be updated to 
address environmental challenges so that more innovative designs can be 
conducted to achieve TWCM more effectively (Bai et al., 2010; Brown and 
Farrelly, 2009; Edwards, 2008; Mouritz, 1996). Any update to Development 
Control Plans (DCP) and Local environmental plans (LEP) should not 
increase the demand on government resources or the cost of development. 
This is a challenge, but the knowledge generated in this thesis can assist to 
develop more flexible guidelines.  
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In Chapter 2, it was argued that a RWT may reduce the volume of discharge 
and therefore discharges from the OSD design (Argue, 1997, 1998, 2004; 
Argue and Scott, 2000; Coombes and Barry, 2008; Coombes, Frost and 
Kuczera, 2001; Coombes et al., 2002a; Coombes et al., 2002b). This is 
recognised in DCPs of some councils, who have adopted a volume reduction 
approach to OSD systems (Chanan and Woods, 2006; Holroyd City Council, 
2003; Singh, Ghetti and Chanan, 2007; Upper Parramatta River Catchment 
Trust (UPRCT) et al., 2005). It was shown however, during the pilot and full-
year cross-sectional longitudinal study and their resultant models (Chapter 
7) that 2% reduction in volume of discharge is likely. This is lower than the 
findings by Coombes, Frost and Kuczera (2001) who found that a 25% to 65% 
reduction can be applied to OSD systems in the UPRCT catchment. Any 
differences are attributed to the strict design guidelines imposed on lots in 
the UPRCT in comparison to the requirements imposed by Hawkesbury City 
Council (HCC). In addition to the percentage reduction in volume, the peak 
flow and peak velocity up to and including the 1-year Average Recurrence 
Interval (ARI) are also reduced as a result of a RWT on site.  
 
In addition to the water quantity control findings, this study also confirmed 
that the findings of others (Barry and Coombes, 2006, 2007; Coombes and 
Barry, 2008) that the water use behaviour has a significant impact on the 
available storage volume in the RWT. It is deemed critical to quantify this 
behaviour, as it can potentially increase or decrease the volume available for 
retention in the RWT prior to a storm event. This behaviour also governs the 
design of a RWT and should be taken into account in the design phase. 
Potential revision of the council DCPs should consider this and consider the 
impact of both the quantity control and water use behaviour on RWT and 
OSD designs. These findings in relation to water quantity indicate that a 
significant change in legislation should be made to promote the uptake of 
RWT and therefore TWCM on a lot scale by considering such variables as use 
and pre-storm storage availability.  
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The council guidelines in Chapter 2 could be replaced with the requirement 
to have on lot scale system that: 
 controls the post-development discharges to pre-development 
discharges for up to and including the 100 year ARI; and 
 provides a non-potable water supply (including sites where mains 
water is available) for toilet-flushing, hot water, laundry and irrigation 
 
These requirements can lead to a flexible approach by not mandating the 
type of system to be used. If and when the developer decides to install a 
RWT, the requirements would indicate that appropriate design is needed. 
This design will need to take into account the household water use and local 
rainfall characteristics. It should be further required that the overflow and 
first-flush from such a harvesting system are diverted to an additional 
control system, such as an OSD to control the 2 year ARI (with a possibility 
up to a 100 year ARI, as per the commonly set OSD design guidelines). As 
indicated in Chapter 7, the minimum orifice size of this type of configuration 
would be larger in comparison to the business as usual approach and can 
significantly reduce the volume of OSD required to maintain the post-
development discharges to pre-development discharges. Furthermore, it 
should also be required to include a float valve, trickle top-up or switching 
device with the RWT to ensure a continuous water supply to the 
development. It has been found in this thesis that Site 1 and Site 2 had to 
manage their water supply (see Chapter 6) not to run out of water, but a 
trickle top-up, float valve or switching device from the mains water would 
have provided the required security of supply necessary.  
 
The minimum RWT size and requirements of plumbing (Standards 
Australia, 2006) should ensure continuous water supply for the household, 
but would also reduce the demand on the reticulated water supply. This 
requirement would be similar to the BASIX requirement, but BASIX sets a 
minimum volume for the RWT. It could be suggested that for all 
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developments, the size of the RWT is to be designed based on the likely use 
of the RWT, run-off and top-up rate (as shown in Chapter 6). This RWT size 
would also cover the BASIX requirement, therefore, not requiring an 
additional volume for BASIX. This could reduce the chance of over or under-
design. An alternative solution would be to make the RWT of fixed size 
mandatory, but this will constrict the proposed flexibility. 
 
A simple web based calculator can be used, such as Argue’s Excel 
spreadsheet (www.unisa.edu.au/water/UWRG/publication/) to determine 
the recommended RWT size, based on estimated water use and rainfall. In 
other words, if BASIX requires a 5,000 L RWT and the calculations require an 
8,000 L tank, the council legislation would require installation of an 8,000 L 
tank. It is suggested that if a consultant or developer refuses to install a RWT, 
an OSD system would be required, thereby introducing flexibility in 
stormwater design.  
 
The design assumption that a roof has a run-off coefficient of 0.80-0.95 
(Barton and Argue, 2009; Becciu and Paoletti, 1997; Boughton, 2005; Brodie, 
2008; Dhakal et al., 2010; Ghisi, Tavares and Rocha, 2009; Gottschalk and 
Weingartner, 1998; Hotchkiss and Provaznik, 1995; Khastagir and Jayasuriya, 
2010b; van Olmen, 2009; Ward, Memon and Butler, 2010a) was tested in this 
thesis as well. The water quantity results in Chapter 5 and Chapter 6 
indicated that a run-off coefficient of 0.80-0.95 may not be suitable for RWT 
designs, especially at the lower ARI's. It is therefore recommended that for 
initial sizing of the RWT a lower run-off coefficient should be used, but 
continuous modelling for OSD sizing should use a larger coefficient as 
higher ARI's can discharge through the system. 
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 Furthermore, it was also shown in Chapter 4 that continuous modelling is 
recommended for volume sensitive systems, which is a confirmation of the 
findings from other studies (Coombes et al., 2002a; Hardy et al., 2007; 
Obropta and Kardos, 2007; Wong, 2006a), especially rainwater tanks. This is 
further highlighted in the OSD models, which were designed on an event 
basis in Chapter 5 and Chapter 7, but tested using a continuous simulation 
showing similar discharges as a RWT. 
 
Hypothetical catchments modelled by others (Argue and Scott, 2000; 
Coombes et al., 2002a), showed that RWT distributed throughout a 
catchment can have an accumulative effect similar to on site detention basins 
in the catchments. The implementation of distributed RWT throughout a 
catchment was tested in Chapter 7. The study catchment was selected, due to 
known drainage issues and it was found that with an increased uptake of 
RWT, the local flooding in the catchment was significantly reduced. The 
flooding in the upper part of the catchment can be prevented for the smaller 
storm events, if the swale drain is maintained and RWT are integrated into 
the drainage and water use for each household. This indicates that if RWT 
are installed on an opportunistic basis (when redevelopments occur) the 
catchment could increase its resilience to rainfall events and resultant local 
flooding at smaller ARIs.  
 
TWCM does not only consider water quantity, but also water quality and 
therefore the impacts of RWT on water quality discharges were also 
examined in this thesis. The water quality testing conducted in this thesis 
indicated that the water quality is largely dependent on the roof and tank 
materials, the depth of water in the tank, and atmospheric mixing. In 
addition, the first-flush and overflow water quality are significantly different 
from the tank water quality. This can have a direct impact on the design 
assumptions for water quality modelling. Others have shown that RWT are 
effective in removing Total Suspended Solids (TSS) from urban run-off 
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(Khastagir and Jayasuriya, 2010a; Spinks et al., 2003), but the overflow has 
rarely been tested to determine the effectiveness of the RWT in the removal 
of pollutants or been calibrated to mimic the overflow quality. It is therefore 
critical in an IWCM system that not only the tank water quality is considered 
from the RWT, but also the downstream effects of the overflow water 
quality. This should be incorporated into any DCP for those councils seeking 
to improve the water quality characteristics of their stormwater discharges 
through IWCM. It has also been found that rainwater is not suitable for 
human consumption, in particular, after significant storm events, and hence 
it can be recommended that Department of Health should update their 
guidelines to reflect this. In addition, the rainwater tank water quality in 
terms of a number of heavy metals was found not to be acceptable on many 
occasions during the testing, and hence the cumulative health impacts of this 
on people of particular risk groups need to be assessed. 
 
The review of council policies in Chapter 2 indicated that often a 
maintenance plan is required to be submitted with the design for a lot scale 
(re)development. The findings in relation to water quality in this thesis (see 
Chapter 6) showed elevated Eschirichia Coli (E. coli) levels for the first-flush 
discharges. Commonly a first flush is to be emptied by the householder after 
a storm event, but this could potentially expose the householder to levels 
above the secondary contact guidelines. In light of these findings, it is 
suggested that a first-flush is designed so that it discharges the captured 
volume and pollutants automatically without intervention by the 
householder. In addition, this research found that screens to all inlets and 
outlets of the tested tanks were minimal, allowing entry to the tank by 
mosquitoes and frogs. Others have shown that the frogs can carry potentially 
harmful bacteria and viruses that can be transferred to humans (Taylor et al., 
2000). It is therefore suggested that any RWT installation approved by 
council must include screens to the inlets and overflows, as also 
recommended by Cunliffe (1998) and enHealth Council (2004).  
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Furthermore, during the final inspection prior to the issue of an occupation 
certificate, the RWT should be checked for the appropriate installation (as per 
the designs, screen on all outlets and inlets, appropriate pump connections, 
and a suitable first-flush), in addition to the common drainage inspections. It 
is also recommended that regular RWT inspections and maintenance are 
conducted by the householder or a contractor. 
 
Councils are required to be explicit and prescriptive on the allowable water 
quality discharge limits. The council area can be divided into catchments 
discharging into different receiving waters and minimum guidelines are to 
be provided for each of the catchments' critical pollutants. For example, for 
any catchment draining to Redbank Creek, it is suggested that for 95% of the 
time, concentrations are below 0.86 mg L-1 for Total Nitrogen (TN) and 0.6  
mg L-1 for Total Phosphorus (TP) (see Section 6.4.2.5). Local Government 
authorities should provide results for water quality testing to the public. The 
urban drainage system can significantly alter the natural discharge point of a 
suburb and therefore relevant design and water quality data should be 
available to the public to facilitate designs of new systems. This could easily 
be communicated with the public and industry through a stormwater 
webpage on the local authority’s website or in their DCP. It can be stressed 
that public participation and awareness are likely to improve the water heath 
of their catchments.  
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All the above changes should not only be reflected in the drainage section in 
the DCP of a council, but should also be consistent across all other sections, 
such as the road design sections of a DCP (see Chapter 2). Instead of the 
common requirement shown in section 2.3.2 on page 31, a DCP may be 
changed to the following kerb and gutter requirements: 
Edge treatment is required for the pavement that incorporates a suitable 
drainage approach, such as kerb and gutter with conventional drainage or 
riprap with edge protection and swale system. The designer is required to 
justify the design and provide detailed drawings in regards to the edge 
treatment. 
 
The complete DCP should be reviewed by the relevant professionals (such as 
academics, stormwater engineers and planners) to ensure successful 
implementation of lot scale TWCM. Often these other sections can directly 
contradict the requirements for an IWCM system and prevent the use of 
WSUD techniques in a treatment train approach. For example, RWT are 
commonly required to directly discharge to the kerb and gutter or drainage 
easement, but it could potentially be beneficial to be redirected to an OSD or 
WSUD system prior to discharge to the council drainage system.  This could 
be done either at a lot scale or at a neighbourhood scale. Further research 
however is required on the effectiveness and design implications of the 
proposed combined OSD and WSUD device. 
 
In summary, the key change should be that no fixed discharge rates, volumes 
or OSD are made mandatory within DCPs thereby allowing innovative 
solutions to emerge. Furthermore, the water quality objectives should be 
made explicit and restrictions in other parts of the DCP may need to be 
rewritten (such as the kerb and gutter requirements). It is recommended that 
the CC includes a detailed inspection schedule of the RWT and a 
maintenance checklist.  These requirements could introduce more flexible 
and innovative design solutions and provide a more comprehensive move 
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towards sustainable urban stormwater design. This would mean that an OSD 
will not always be required and different solutions can be found by designers 
to meet the water quality and quantity objectives for a given application. 
8.2 Discussion on research questions 
8.2.1 Introduction 
Chapter 1 identified seven research questions to develop new scientific 
knowledge on the impacts of RWT and OSD on urban stormwater quantity 
and quality characteristics. In this section, each of the research questions is 
discussed in relation to the findings of the thesis. Each research question is 
restated, which is then followed by a brief discussion on the findings. An 
answer is provided to each of the questions, concluding each individual 
section. 
8.2.2 Reduction in discharge from RWT  
What is the reduction in peak discharge, volume of discharge and velocity of 
flow is when installing a RWT for retention purposes on a (re)developed 
property in Western Sydney? 
 
The water balance model developed in the pilot study for the RWT (see 
Chapter 5) identified a significant reduction in daily overflow volume on 
both Site 1 and Site 2. It was also identified that the reduction in overflow 
volume was more likely when the RWT was utilised for multiple end-uses 
(as was evident from the data collected on Site 1 and Site 3), rather than 
irrigation alone. The RWT pilot study models showed a reduction in flows, 
but MUSIC was less representative as no initial depth could be specified. The 
XP-SWMM RWT pilot model indicated an overall reduction in peak flows in 
both the model for Site 1 and Site 2. The results also showed that there was 
successful containment of the 1-year ARI event within the RWT, if the RWT 
was used for multiple-end uses.  
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The full-year model for RWT identified that a RWT installed on a lot area can 
reduce the peak discharge from the lot by 80% for up to a 1-year ARI event in 
addition to the reduction in the volume of discharge and the velocity of flow. 
The reductions are dependent on the amount of water used within the 
household from the RWT and it is therefore recommended that multiple end-
uses are implemented where possible. The analysis of the discharge curves 
versus the original run-off into the tank identified that up to the 1-year ARI 
event can be contained to same flows as a designed OSD system for the site. 
 
In conclusion, the RWT on a lot scale in Western Sydney used for multiple 
end uses has the potential to reduce the lot peak discharge by 80% for up to a 
1-year ARI event. In addition, due to the RWT volume of water used in the 
household, the volume of discharge can be reduced by 2.2%. The velocity of 
discharge also has the potential to be reduced by 39%, as a result of a RWT 
on site. The modelling found that the peak discharge was controlled to pre-
development discharges for up to the 1-year ARI event utilising a RWT. 
8.2.3 Comparison of RWT and OSD discharges 
How does the RWT discharge characteristics compare with the conventional 
OSD peak discharges, volume of discharge and velocity of flow from a 
(re)developed property in Western Sydney? 
 
The calibrated RWT model was utilised in the full year study for the analysis 
of a conventional OSD model (see Chapter 7). The OSD basin was designed 
according to the local guidelines for each site, as no data was collected for an 
OSD test site. The model showed that during the modelling period, there 
was a 71% reduction in peak flows, but the volume was not reduced. It was 
found that the OSD system never contained sufficient water for sampling 
during the longitudinal cross-sectional study. The reduction in peak for OSD 
(71%) was comparable to the reduction in peak discharge from the RWT 
(80%) for storms below the 1-year ARI.  
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The RWT, however, has a 2% reduction in volume, whilst there is no 
reduction in volume as a result of the OSD system. It was found that the 
RWT shows a greater reduction in discharges than the OSD system. 
 
In conclusion, the reduction in peak as a result of a conventional OSD system 
was lower than the reduction in peak due to a RWT on-site. The velocity 
from the OSD discharges was also greater (1.35 m s-1) than the velocity of the 
RWT discharges (1.07 m s-1) for Site 1. This indicates that a RWT could be 
used to control the flows up to the 1-year ARI. The OSD system could 
therefore be designed for a 2-year to 100-year ARI. This would increase the 
minimum discharge allowed from an OSD system and thereby reduce the 
overflow volume of the OSD system, potentially reducing the cost to 
developers. 
8.2.4 Water Quality of a RWT 
What is the overall water quality of the reusable water in and discharge from 
the RWT? and How does this compare to the ADWG (2004), the AFWG 
(2000a, 2000b), the RWG (2009) and the local guidelines? 
 
A pilot water quality and quantity study was conducted to ensure that 
testing was conducted to suitable quality and standard (see Chapter 5). The 
data logging system was tested as well. As a result of the pilot study, colour, 
Heterogenic Plate Count (HPC), Total Suspended Solids (TSS), TS, sulphate 
and cadmium were removed from testing and a bi-monthly rotating 
schedule was implemented for the longitudinal cross-sectional study. 
 
The pilot study also showed that the water at the top of the RWT has a 
higher concentration of some measured compounds than the water at the 
bottom of the RWT. This was attributed to biological and chemical 
stratification (e.g. potential biofilms on the air/liquid interface). The water 
samples from the overflow also showed elevated levels of some chemicals 
indicating the potential wash out of this upper layer of water in the RWT. 
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The overall water quality within some of the RWT did not meet the ADWG 
(2004), especially after rainfall events for E. coli, Enterococcus sp and lead. The 
overflow water samples also showed elevated levels in comparison to the 
required AFWG (2000a, 2000b) limits, indicating potential hazard to the 
receiving environment if no further dilution occurs. 
 
The longitudinal, cross-sectional study, discussed in Chapter 6, identified 
some microbiological levels in the RWT water above the guidelines. After a 
storm event, the numbers of E. coli were more likely to rise above the safe 
drinking water levels. The run-off water from the roof was considered soft 
and this was evident in all the RWT. This soft water, however, increases 
corrosion especially with extensive fluctuation (like Site 1) in water level, and 
this may cause an increase in heavy metal concentrations. The concrete RWT 
and concrete tile roofs have lower heavy metal concentrations, but their 
water has conductivity and pH values, which are significantly higher than 
for metal tanks. During the study, it was also found that human interaction 
with the tank can also influence water quality. The adding of mains water 
increased conductivity levels at Site 2, whilst non-use of the RWT water 
resulted in significant depletion of DO levels and increased microbial levels 
in the RWT (see 6.4.2.2). Overall, the water quality within the RWT was 
within the guidelines, except for a short period after rainfall events. The 
deviation level was not too extreme (highest measurable E. coli level was 325 
cfu 100 mL-1) and, therefore, boiling of water prior to consumption would be 
recommended after a rainfall event. All water quality results in the RWT 
were deemed within the RWG (2009) and the water is, therefore, deemed 
suitable for irrigation. 
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The water quality of the first-flush was considered to be hazardous to human
health, as it often exceeded secondary contact guidelines for E. coli and
Enterococcus sp (see Chapter 6). The heavy metal and nutrient concentrations
were also deemed elevated and unsuitable for overland discharge as per the
AFWG (2000a, 2000b) and RWG (2009). It is recommended that first-flush
systems be installed prior to all RWT that requires minimum human
interaction. This ensures that the first-flush is emptied after a storm event.
All first-flush discharges should be diverted to a WSUD device for further
treatment, such as infiltration and uptake by plants in a bio-filtration system
(see Chapter 8). The levels were higher for microbes, heavy metals and
nutrients in some overflows (as shown in Chapter 6), than the levels in the
RWT. The overflow also regularly exceeded the AFWG (2000a, 2000b) and
the RWG (2009). It is, therefore, recommended that the overflows are
diverted directly to a WSUD device for further treatment instead of
discharging directly to the stormwater drainage system.
The model calibrated for the RWT in the pilot study for water quantity was
calibrated for water quality as well (see Chapter 5). The model was validated
using the data collected at Site 2. It was found that an overall error of
0.11mgL-1 (44%) was acceptable for TS and 0.19 mg L-1 (130%) for TP, as
compared to the findings of similar studies.
The longitudinal cross-sectional data was used to recalibrate the lot scale
RWT model (see Chapter 7). The data was split and the validation showed
acceptable errors in the tank water quality modelling, but only an acceptable
relative error for TS in the overflow quality modelling. The TP and TN in the
overflow water quality modelling showed unacceptable errors. The data for
Site 2 was used to conduct a proxy basin verification analysis. Unacceptable
relative errors were shown in TP and TN concentrations in the RWT, but an
acceptable relative error for TN concentrations in the overflow was found.
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The error was identified to be the result of limited data points and the 
software program not being able to model time-dependent outflows. Further 
upgrades to the software program are recommended to include daily time 
dependent flows from a RWT.  
 
In conclusion, the overall water quality within the RWT was suitable for non-
potable use, such as toilets, laundering and irrigation. If the water in the 
RWT was to be used for consumption, it should be boiled after a rainfall 
event. The overall water quality of the overflow and first-flush were 
significantly different to the tank water and unsuitable for direct discharge 
into the stormwater system. This shows that the overflow and first-flush 
should be treated through a second WSUD device prior to release and that 
further testing of overflow and first-flush water quality should be conducted. 
8.2.5 OSD Water Quality 
How does the quality of a RWT compare with conventional OSD water 
quality?  
 
The OSD water quality could not be tested throughout the research study 
due to insufficient run-off in the discharge control pit (see Chapter 5 and 
Chapter 6); therefore, the calibrated RWT model was modified to an OSD 
system (see Chapter 7). The model shows that a greater variation in the TS, 
TP and TN concentrations in the discharge flows than the RWT modelled TS, 
TP and TN concentrations. The concentrations were also significantly higher 
than the RWT discharges. It is, therefore, likely that the quality discharged 
from an OSD system is higher in nutrients and TS than from RWT, and 
should be treated using an appropriate WSUD device. Although the 
overflow from RWT was more contaminated than the bottom of tank sample, 
it was significantly better quality than the likely OSD discharges. The 
differences in concentrations are attributed to the dilution and extraction 
effect of the RWT. 
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In conclusion, the modelled water quality in the OSD tank was significantly 
higher than the RWG (2009) and AFWG (2000a, 2000b). The OSD water 
quality can, therefore, have a more significant impact than the RWT 
overflows and first-flush on the stormwater system and the receiving 
environment. 
8.2.6 Impact of Lot Scale RWT on Catchment Discharges 
What is the effect of lot scale RWT systems are on catchment scale discharge 
characteristics? 
 
The outflow from the catchment was monitored during the longitudinal 
cross-sectional study (see Chapter 6). Limited grab and flow samples were 
obtained, but indicated that some pollutant concentrations were elevated and 
above the AFWG (2000a, 2000b). The flow samples showed that the detention 
basin drains for a prolonged period after a rainfall event. 
 
A catchment model was developed based on a detailed survey in MapInfo 
(see Chapter 5) and imported into XP-SWMM. A social survey conducted by 
a group of undergraduate students, at the University of Western Sydney, 
indicated a 15% of households in North Richmond (study area) use a RWT. 
The model was calibrated with the first 80% of measurements, compared 
with previous research studies and validated with the remaining 20% of data 
(see Chapter 7). The water quality was not modelled due to an error in 
software for routing of water quality in the RWT overflows through the 
catchment drainage system. 
 
The model was adapted with 25%, 50%, 75% and a 100% RWT uptake. In 
comparison with the baseline (15% RWT uptake), the outflow from the 
catchment, as the percentage of installed RWT increased. The more RWT, the 
better the existing system handles the flow. The 100% model was modified 
by inclusion of a 53 ha parcel of agricultural land being developed into 
housing and it was found that there was a 3.5% increase in discharges 
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compared to the undeveloped catchment. This development could 
potentially result in significant flooding, but the flooding effect can be 
reduced, if the drainage system was maintained and RWT installed 
throughout the catchment. It is recommended that the RWT are implemented 
in any development or redevelopment within the area to reduce the impact 
on receiving waters and minimise local flooding at the lower ARIs. 
 
In conclusion, if the RWT are implemented on a catchment scale, then this 
would have the potential to significantly reduce peak flows below the 2-year 
ARI level and reduce local flooding, but maintenance of the drainage system 
is required to prevent impact from future developments. 
8.2.7 Improvement to Design Guidelines 
What recommendations can be made to improve current council and 
government legislation in regards to urban stormwater management? 
 
All government departments have a role to play and are required to work 
together to implement sustainable stormwater management. As shown in 
this Chapter, it is recommended that design guidelines in Western Sydney 
are reviewed to promote sustainable stormwater design. These changes 
would need to occur throughout the council guidelines, not only for the 
stormwater sections.  
 
The NSW State Government should take a leading role in guiding this 
proposed change. At the same time, significant changes are required in the 
relevant control plans. Based on findings in this thesis, it is recommended 
that the changes to the DA process include requirements for water quality 
control from new development, mandatory installation of RWT, retaining 
stormwater for infiltration (up to about a 5-year ARI event), directing the 
overflows from RWT systems to WSUD elements, and allowing flexible 
design to occur. 
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In the CC process it is recommended, based on the findings of this thesis and 
relevant literature, that the plans show the complete water cycle, a 
mandatory first-flush with minimal human maintenance, mosquito 
screening, RWT and WSUD elements, details on the quality and quantity of 
the discharges to the lawful part of discharges, sizes of gutters, expected 
water quality on non-potable taps, lawful point of discharge and infiltration. 
It would also need to show the possible improvement to pre- and post-
development water quality and quantity.  
 
Furthermore, council planners and engineers should receive the appropriate 
training to enable them to assess WSUD designs. In conclusion, these 
changes and education can bring about significant change in stormwater 
management throughout NSW and possibly to other regions in Australia. 
8.3 Summary of Conclusions 
8.3.1 Major Findings 
This thesis investigated the impact of RWT on water quality and quantity 
discharges. It was found that: 
 A RWT has the potential to reduce lot scale peak discharge by 80%, 
run-off volumes by 2%; discharge velocities by 39% and improves the 
water quality of the discharge significantly for up to and including the 
1-year ARI storm event; 
 A RWT is comparable to OSD system and can control up to and 
including the 1-year ARI on a lot and catchment scale; 
 The water quality in the tank was suitable for irrigation, non-potable 
indoor uses, including laundering and toilet flushing; 
 The water quality of the first-flush and overflow may be unsuitable 
for irrigation and should be treated by another WSUD device prior to 
discharge into the receiving waters or drainage system to enhance 
receiving water quality; 
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 RWT implemented throughout the catchment have the potential to 
reduce run-off peaks by 6% and velocities by 1%, thereby potentially 
reducing local flooding for the smaller ARIs;  
 A RWT can be used to control the peak flow up to the 1-year ARI, 
allowing OSD systems to be designed for 2-year ARI and up; 
 The council policy and relevant design guidelines need to recognise 
TWCM and incorporate the findings of new research, such as this, to 
enhance sustainable urban stormwater management. 
8.3.1.1 Minor Findings 
Throughout this thesis, a number of minor findings and research notes were 
made that would have a potential impact on the modelling and use of RWT, 
as summarised below: 
 Non-utilisation of RWT water for a period has the potential to 
significantly reduce DO concentration in the tank; 
 Adding mains water can affect the water quality of the RWT; 
 Goyen’s (2000) run-off routing method is suitable for continuous 
modelling of lot scale stormwater management systems; 
 The first-flush should be designed to operate without human 
influence; 
 Water demand can be significantly reduced when households source 
water solely from a RWT, because the occupants are aware of limited 
supplies;  
 The run-off coefficients of roofs are likely to be variable and the use of 
a fixed coefficient, as high as 0.9, can significantly overestimate the 
available re-use volume within the tank. 
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8.4 Further Research 
The research described in this thesis identified that continuing research is 
needed on the water quality of the first-flush and overflow from a tank, as 
they can be significantly different from the tank water quality. Questions 
have been raised about the impacts of micro layers or biofilms on the water 
quality in the RWT, first-flush and overflow. Although this thesis identified 
some effects, it is recommended that further research is conducted by others 
to confirm the findings from this thesis. 
 
Lot scale stormwater management is likely to change in NSW, especially 
with the increased uptake of WSUD. This thesis identified the interaction 
between RWT and OSD on a lot scale. Detailed analysis could not be 
conducted on other lot scale WSUD systems due to limited time and 
resources. The effect of the proposed combined RWT, OSD and WSUD 
systems could be investigated to develop a more complete scientific basis for 
lot scale stormwater system that consider the total water cycle. The volume 
and peak discharge impacts of this whole system approach are of particular 
interest for controlling urban local flooding. The effect of extreme droughts 
and floods would also need to be considered in this total system approach. 
 
This research did not consider the cost associated with the proposed changes 
to lot scale stormwater management systems, but it is considered a 
significant unknown by the industry. It is suggested that further research 
investigates the cost-benefit of lot scale stormwater management including 
the impact of the flexible guidelines proposed in this Chapter on this cost. 
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Appendix B Sites
Appendix B.I North Richmond
Appendix B.I.a Aged Care Housing
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Appendix B.I.b Existing Drainage System
Figure Appendix B-1 Existing drainage system in ‘Kemsley Downs’ with associated maintenance issues
Pit 15 Pit 53
Headwall 72 Pit 72
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Appendix B.II General Continuous Site Setup
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Appendix B.III Level Measurement Device
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Appendix B.IV Site 1
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Appendix B.V Site 2
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Appendix B.VI Site 3
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Appendix B.VII Site 4
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Appendix B.VIIIOSD Site
Appendix B.VIII.a Pilot Study
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Appendix B.VIII.b Longitudinal Study
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Appendix C Compact Discs
Appendix C.I Data CD
This CD includes:
 Collected grab sample data in Excel
 Collected continuous data in HEC-DSSVue
 Analysis Excel Sheets
 MapInfo Files
 Modelling Files
Appendix C.II Programs and Thesis files
This CD includes:
 HEC-DSSVue Program
 Matlab Codes
 Thesis files
o PDF of thesis until Appendix C
o PDF of Appendices D to G
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Appendix D Rainfall Data
Appendix D.I Bureau of Meteorology Rainfall Stations
Table Appendix D.I-1 Rainfall Stations
Station Name Code Start year Final year
Richmond UWS 067021 1881 Open
Richmond RAAF 067033 1928 1994
Richmond RAAF 067105 1993 Open
Prospect 067019 1887 Open
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Appendix D.II Intensity-Frequency-Duration Table
Table Appendix D.II-1 Intensity-Frequency-Duration Table for
Design Rainfall Intensities in the Hawkesbury City Council Area
Rainfall Intensities
(mm/hr)
ARI (x-years)
Storm Duration
Minutes
1 2 5 10 20 50 100
5 78 101 130 147 170 199 222
5.5 76 97 126 142 164 193 214
6 73 94 122 138 159 186 208
6.5 71 92 118 134 154 181 202
7 69 89 115 130 150 176 196
7.5 67 87 112 126 146 171 191
8 66 85 109 123 142 167 186
8.5 64 83 106 120 139 163 181
9 63 81 104 117 135 159 177
9.5 61 79 101 115 132 155 173
10 60 77 99 112 129 152 169
11 57 74 95 108 124 146 162
12 55 71 92 104 120 140 156
13 53 69 89 100 115 135 151
14 52 67 86 97 111 131 146
15 50 64 83 94 108 127 141
16 48.5 62 80 91 105 123 137
17 47.1 61 78 88 102 119 133
18 45.8 59 76 86 99 116 129
19 44.6 58 74 84 96 113 126
20 43.5 56 72 81 94 110 123
21 42.5 55 70 80 92 107 120
22 41.5 53 69 78 89 105 117
23 40.6 52 67 76 87 103 114
24 39.7 51 66 74 86 100 112
25 38.9 50 64 73 84 98 109
26 38.1 49.1 63 71 82 96 107
27 37.4 48.1 62 70 80 94 105
28 36.7 47.2 61 69 79 93 103
29 36 46.4 60 67 77 91 101
30 35.4 45.5 58 66 76 89 99
32 34.2 44 56 64 73 86 96
34 33.1 42.6 55 62 71 83 93
36 32 41.3 53 60 69 81 90
38 31.1 40.1 51 58 67 78 87
40 30.2 38.9 50 56 65 76 85
45 28.3 36.5 46.8 53 61 71 79
50 26.7 34.4 44.1 49.7 57 67 75
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55 25.3 32.5 41.7 47.1 54 64 71
60 24 30.9 39.7 44.8 52 60 67
75 21.1 27.2 34.9 39.4 45.4 53 59
90 19 24.4 31.4 35.5 40.8 47.9 53
105 17.3 22.3 28.7 32.4 37.3 43.8 48.8
120 16 20.6 26.5 29.9 34.5 40.5 45.1
135 14.9 19.2 24.7 27.9 32.2 37.8 42.1
150 14 18 23.2 26.2 30.3 35.6 39.6
165 13.2 17 21.9 24.8 28.6 33.6 37.4
180 12.5 16.1 20.8 23.5 27.2 31.9 35.6
195 11.9 15.4 19.8 22.4 25.9 30.5 33.9
210 11.4 14.7 19 21.5 24.8 29.1 32.5
225 10.9 14.1 18.2 20.6 23.8 28 31.2
240 10.5 13.5 17.5 19.8 22.9 26.9 30
270 9.77 12.6 16.3 18.5 21.3 25.1 28
300 9.17 11.8 15.3 17.4 20 23.6 26.3
360 8.21 10.6 13.7 15.6 18 21.2 23.6
420 7.48 9.66 12.5 14.2 16.4 19.4 21.6
480 6.9 8.91 11.6 13.1 15.2 17.9 20
540 6.42 8.3 10.8 12.2 14.2 16.7 18.6
600 6.03 7.79 10.1 11.5 13.3 15.7 17.5
660 5.69 7.36 9.56 10.9 12.6 14.8 16.6
720 5.4 6.99 9.08 10.3 11.9 14.1 15.7
840 4.87 6.31 8.27 9.43 11 13 14.5
960 4.45 5.78 7.62 8.72 10.2 12.1 13.5
1080 4.11 5.35 7.09 8.14 9.51 11.3 12.7
1200 3.82 4.99 6.65 7.65 8.96 10.7 12
1320 3.58 4.68 6.27 7.23 8.48 10.2 11.5
1440 3.37 4.42 5.94 6.87 8.07 9.68 10.9
1800 2.89 3.8 5.16 6.01 7.09 8.55 9.7
2160 2.54 3.35 4.59 5.37 6.36 7.71 8.77
2520 2.27 3 4.15 4.87 5.79 7.05 8.04
2880 2.05 2.72 3.79 4.47 5.33 6.51 7.44
3240 1.88 2.5 3.5 4.14 4.95 6.06 6.94
3600 1.73 2.3 3.25 3.85 4.62 5.67 6.51
3960 1.6 2.14 3.03 3.6 4.33 5.34 6.14
4320 1.49 1.99 2.84 3.39 4.08 5.04 5.81
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Appendix D.III Hawkesbury-Nepean Water Quality Data
Table Appendix D.III-1 Mean results for the Hawkesbury-Nepean River (DECC & SCA, 2009)
Number Location Collectionyears
Conductivity
(mS/cm)
Temperature
(ºC)
DO
(mg/L)
pH Turbidity(NTU)
TSS
(mg/L)
TP
(mg/L)
TN
(mg/L)
N38
Hawkesbury River @
Windsor Bridge (US
south Creek)
1999-2007 0.38 19.55 8.72 7.47 8.58 17.56 0.05 1.15
N39 Nepean River. DS
North Richmond STP 1999-2007 0.26 20.95 9.48 7.60 4.19 8.81 0.02 0.65
N42
Hawkesbury River @
North Richmond U/S
of STP
1999-2007 0.25 19.72 9.14 7.69 2.97 4.36 0.03 0.68
N44 Nepean River @
Yarramundi Bridge
1999-2007 0.35 19.59 8.19 7.50 3.86 4.45 0.04 0.92
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Appendix D.IV Redbank Creek Water Quality Data
Table Appendix D.IV-1 Redbank Creek water quality data 1996
(D. Tierney [Hawkesbury City Council] 2008, email, 2 June)
Date
(1996)
Faecal
Coliforms
(cfu/100ml)
pH Temperature(ºC)
Nitrates
(mg/L)
Turbidity
(NTU)
TDS
(mg/L)
3/6/ 56 7 12 1.4 5 430
10/6/ 129 7 12 1.8 7 410
17/6 148 6 11 1.65 5 410
24/6 66 7 11 1.27 7 7
3/7 84 6 12 1.1 430 5
10/7 66 7 11 1.27 7 7
17/7 107 6 9 1.9 5 410
24/7 13 5 8 1.8 5 5
31/7 29 6 9 1.05 5 390
14/8 272 6 11 1.7 30 90
21/8 179 6 9 1.8 30 270
28/8 21 6 10 1.72 200 280
3/9 17 6 12 0.75 100 130
9/9 17 7 14 2.1 10 130
30/9 300 7 16 0.21 20 360
24/9 42 6 17 0.51 17 120
9/10 9 7 18 0.35 15 440
15/10 3 6 21 0.18 12 470
22/10 2 8 18 0.08 10 450
29/10 8 8 17 0.08 18 440
5/11 145 9 16 0.21 20 140
12/11 0 8 15 0 10 380
19/11 3000 8 20 0.09 10 340
26/11 140 8 20 0.09 10 280
3/12 1 8 22 0.04 5 390
10/12 0 9 22 0.06 5 210
16/12 2 9 18 0.04 5 310
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Table Appendix D.IV-2 Redbank Creek water quality data 1997
(D. Tierney [Hawkesbury City Council] 2008, email, 2 June)
1997
Faecal
coliforms
(cfu/100ml)
pH Temp.(ºC)
TP
(mg/L)
Nitrates
(mg/L)
Turbidity
(NTU)
TDS
(mg/L)
2/1 159 8 23 0.17 0.03 5 430
7/1 185 8 24 0.17 0 5 460
14/1 1020 7 20 0.16 0 5 430
21/1 14 7 23 0.24 0 5 470
28/1 552 7 23 0.33 0.08 10 130
4/2 60 8 22 0.16 0.17 5 390
11/2 3250 8 24 0.15 0.11 10 390
18/2 220 8 25 0.30 0.28 10 360
25/2 113 7 25 0.54 0.14 5 460
4/3 91 7 26 0.30 0.02 5 460
11/3 100 7 22 0.28 0.08 5 480
18/3 320 7 23 0.41 0.09 5 480
25/3 47 8 19 0.18 0.02 5 450
1/4 20 7 20 0.24 0.11 5 460
8/4 500 7 15 0.19 0.38 5 450
22/4 72 7 16 0.38 0.26 5 440
29/4 62 7 15 0.50 0.24 5 460
5/5 70 7 17 1.16 0.03 5 470
13/5 82 7 14 0.46 0.21 5 480
20/5 900 7 16 0.23 0.48 5 360
27/5 72 7 15 0.74 0.28 5 340
4/6 76 7 10 1.12 0.43 5 370
10/6 112 7 9 0.86 0.39 5 370
17/6 133 7 10 1.18 0.7 5 430
24/6 101 7 9 1.2 0.5 5 310
1/7 1275 7 11 0.74 1.05 5 220
8/7 73 7 10 0.57 0.5 5 250
15/7 637 6 10 0.53 0.7 5 200
22/7 66 6 8 0.52 0.5 5 210
29/7 872 6 7 0.78 0 5 250
5/8 755 7 9 0.9 0.26 5 220
12/8 340 6 10 1.05 0.43 5 240
19/8 106 6 9 1.05 0.55 5 210
26/8 278 7 9 1.16 0.75 5 210
2/9 678 6 14 1.39 0.46 5 270
9/9 157 7 13 1.19 1 5 30
16/9 312 7 13 1 0.04 5 440
23/9 1250 7 15 0.78 0.33 5 440
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Appendix E Matlab Program1
Appendix E.I Introduction
The amount of data downloaded from the dataloggers was significant and
could not be readily analysed using a conventional software package like
Excel. A Matlab program was developed in-house to prepare the collected
continuous water quantity data for importing into HEC-DSS to conduct
statistical analysis. This appendix describes the structure of the program and
discusses the calculation methods applied. Chapter 5 showed the results and
assumptions of the Matlab analysis for the pilot study and Chapter 6 showed
the results and assumptions of the Matlab analysis for the cross-sectional
longitudinal study. Examples of the hydrographs and hyetographs are
shown in Appendix E.IV and all graphs and data are included in the
Compact Disk (CD) ‘data’. The main aim for developing the program was to
analyse the rainfall and discharge into the tank. As both these parameters
were recorded at five-second intervals, conventional statistical packages
could not be utilised due to the large amount of data points. The five-second
intervals were used, as per recommendations of O’Loughlin and Mills (1998),
Chapman and Salmon (1996) and Goyen (2000) as discussed in Section 6.2.1.
The Matlab program was required to analyse the rainfall to determine
Average Recurrence Interval (ARI) of the recorded events. Furthermore, the
program needed to convert the five-second rain and flow data to one-minute
intervals for importing into HEC-DSS. In addition, five-mintue and six-
minute interval data were required for analysis and MUSIC modelling and
daily data for the water balance calculations. All these conversions are
included in the program. The structure of the program is shown in Figure
Appendix E-1. The next section will explain the calculations and in which m-
1 All Matlab files discussed in this Appendix have been developed by the Author of this
thesis. The code can also be found on the Program CD in Appendix C.
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files these calculations are conducted. All m-files are included in Appendix
E.III and CD2 ‘programs’.
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Analysis Program
(DataAnalysis.m)
Import Data
(Import.m)
1 Minute Flow and Rain
Data
(DataConversion_One.m)
Export to Excel
(excelexport.m)
Daily Flow and Rain
(DailyConversion.m)
6 Min Flow and Rain
(DataConversion_Six.m)
5 Minute Flow and Rain
Data
(DataConversion_Five.m)
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E-1 Flow chart for Matlab program
Convert Flow
(Conversion.m)
1 Minute Flow and Rain
Data
(DataConversion_One.m)
Export to Excel
(excelexport.m)
Daily Flow and Rain
(DailyConversion.m)
6 Min Flow and Rain
(DataConversion_Six.m)
5 Minute Flow and Rain
(DataConversion_Five.m)
Import into HEC-DSS XP-SWMM
Export to Excel
(excelexport.m)
Water Balance
Export to Excel
(excelexport.m)
MUSIC
Antecedent Rainfall
(Antecedent.m)
ARI & Storm Statistics
(Statistics.m)
Rainfall and Flow
(excelexportstatistics.m)
Export to Excel
(excelexport.m)
Data
graphs Data for Thesis
Export to Excel Data for Thesis
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Appendix E.II Water Quantity Calculations
The data is exported from the HYDRAS3 program into comma delimited
files (CSV). These are then converted to Excel 2007 files to facilitate import
into Matlab. The Matlab file (‘Import.m’) first asks the user for the filenames.
The program utilises these names to import the recorded dates, rainfall and
discharges. The user is then prompted for a new file name to continue
loading the recorded data set or to continue.
The program converts the flow data in milli Amperes (mA) to litres per
second L-1. This is a direct relationship and is expressed using Equation
Appendix E-1(‘Conversion.m’).
Q୬ ୵ୣ = 0.1195Q୫ ୅୫ ୮ୱଶ + 1.068Q୫ ୅୫ ୮ୱ+ 0.2237, Equation Appendix E-1
where Qnew is the converted discharge in L s-1 and QmAmps is the measured
discharge in milli Amperes. The program ignores any value below 0.05 mA
as it is considered the inherent error within the flowmeter.
After conversion, the five-second data is converted to one-minute data. This
is conducted by summing the data points in one minute and computing the
total volume of rainfall and total rate of discharge into the tank.
The five-minute flow data is computed by summing 50 data points from the
one-minute interval matrix. The five-minute rainfall data is converted by
summing 50 data points and dividing these by the duration in hours (0.083
hr). This converts the volume of rain to a mm hr-1 rate, which is required for
the statistical analysis (‘Conversion_five.m’).
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The one-minute data is also converted to six-minute data. The six-minute
data is needed for MUSIC modelling and MUSIC requires the rainfall to be in
mm. The six-minute data is computed by summing six data points for both
rain and flow.
The daily data is computed by summing the data within one day. The daily
data m-files compute this using the one-minute data and converts the flow to
L. The rainfall remains in mm and is summed for the day. This is used to
compute the daily total rainfall.
Statistical analysis of the storm event is also conducted in Matlab. These
calculations are conducted to determine and approximate ARI for each
individual storm event. The first step in these calculations is to determine the
maximum antecedent time (‘Antecedent.m’) and this is completed using the
methods described in Adams and Papa (2000). This method assumes that a
correlation will assist between the five-minute rainfall steps, if it is the same
storm event and is used to determine the maximum allowable lag between
events. This is shown in Equation Appendix E-2.
r୩ = ∑ (୷౪ି ୷ഥ)(୷౪షౡି୷ഥ)ొ౪సబ ∑ (୷౪ି ୷ഥ)ొ౪ , Equation Appendix E-2
where rk is the autocorrelation coefficient with lag time k, N is the number of
samples, yt is the sample observation at time t, ݕതis the sample mean of the yt.
The plot of k-lag versus correlation (rk) is called the autocorrelogram. The
graph will indicate the most probable time between events, where the curve
first stabilises around the x-axis. The storm records in five-minute intervals
are searched and the different independent storms separated (‘Statistics.m’).
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The losses from the roof are determined using the method described by
Chapman and Salmon (1996). The total volume of run-off is plotted versus
the total volume of rainfall expected from the roof. The regression equation is
developed giving an indication of initial losses.
The storms and losses are analysed for maximum burst, duration, burst
duration, average intensity, maximum flow, volumetric run-off coefficient
and ARI. The ARIs are determined by finding the average burst intensity
versus the burst duration in the IFD table discussed in Chapter 5. For details
on the inputs for this IFD tables, please refer to Section 5.4.3.6 and for the
actual IFD table, please refer to Appendix C.
The data computed in the program is exported to Excel, for import into HEC-
DSS and the modelling programs. The statistical summaries of the storm
events are exported to Excel to allow for inclusion in this thesis.
The results of the program are discussed in Chapter 5 and Chapter 6. The
details in regards to the analysis are shown in Appendix E.IV and the code in
Appendix E.III. The program code and HEC-DSS files are included in the
attached ‘program’ CD and ‘data’ CD respectively.
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Appendix E.III Matlab Program
Appendix E.III.a Data Analysis
%{
This program has been written to analyse data for flow and rainfall
is sub minute time scales to various other time scales. This program
...
is part of the PhD thesis of MFE van der Sterren Titled 'Assessment
of the impact of rainwater tanks on urban runoff water quality ...
and quantity characteristics'.
This m-file ('Data Analysis.m') is written to allow a menu of
choices to be displayed for analysis of continuous rain and flow
data.
%}
k=0; %sets the initial menu choice to zero
answer='y'; %set the initial answer to the question (do you want to
continue) to yes
while answer=='y' || answer=='Y' %display the menus as long as the
user wants to continue
k =menu('choose a function', '1. Import', '2. Rainfall and Flow
data conversion', '3. Antecedent Rainfall',...
'4. Storm Statistics', '5. Output Storm Statistics','6.
Quit'); %Displays menu with 6 options
if k==1 %Option 1 Import Data
[RawRainFlow]= Import(); %Startup import file to import
rain and flow data
elseif k==2. %option 2 allows for data conversion
l= menu('choose a calculation', '1. Conversion', '2. One
Minute Data', '3.Five Minute Data', '4. Daily Data', '5. Six Minute
Data (MUSIC)'); ...
%Displays menu with 5 options
if l==1 %Option 1 allows raw flow data to be
converted to L/s
[RainFlow]=Conversion(RawRainFlow);
elseif l==2 %Option 2 converts data to 1 minute
intervals
[RainFlow_one]=DataConversion_One(RainFlow);
elseif l==3 %Option 3 converts data to 5 minute
intervals
[RainFlow_five]=DataConversion_Five(RainFlow_one);
elseif l==4 %Option 4 converts data to daily
intervals
[RainFlow_daily]=DailyConversion(RainFlow_one);
elseif l==5 %Option 5 converts data to 6 minute
intervals
[RainFlow_six]=DataConversion_Six(RainFlow_one);
else % all of the entries will go to the final
question
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end
elseif k==3 %Option 3 computes the antecedent intervals
[TimeGap_Rain, TimeGap_Flow]=Antecedent(RainFlow_five);
elseif k==4 %Option 4 computes the statistics of the storm
events
RainFlowStatistics = Statistics(RainFlow_five, TimeGap_Rain,
TimeGap_Flow);
elseif k==5 %Option 5 allows exporting to Excel for all
statistics and Data
t=menu('choose an export set', '1. Statistics', '2. One
Minute Data', '3. Five Minute Data', '4. Daily Data', '5. Six Minute
Data (MUSIC)'); ...
%Displays a menu with different output options
if t==1 %Option 1 export statistics to Excel
excelexportstatitics(RainFlowStatistics);
elseif t==2 %Option 2 exports 1 min data to Excel
2007
excelexport(RainFlow_one);
elseif t==3 %Option 3 exports 5 min data to Excel
excelexport(RainFlow_five);
elseif t==4 %Option 4 exports daily data to Excel
excelexport(RainFlow_daily);
elseif t==5 %Option 5 exports 6 min data to Excel
excelexport(RainFlow_six);
end
end
answer=input('Do you want to continue? (y/Y)'); %if user doesn't
want to continue end program
end
Appendix E.III.b Import
function [RainFlow]=Import()
%{
This function imports Excel files with date, time, rainfall and flow
into a matrix and continuous to do so until prompted not to. The ...
function returns a matrix with date, time, rainfall and flow to the
Data Analysis m-file.
%}
RainFlow=[]; %Sets the initial answer to the question: 'Do you
want to load another file?' to yes
% importing water quantity
answer='y';
while answer=='y' || answer=='Y'
filename = input('Please enter the filename for the
water quantity file, as "name.xls(x)".');%Prompts the user to enter
in the file name in .xls format
data2 = xlsread(filename,-1); %Reads in the data of the
file
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Temp(:,1)=x2mdate(data2(:,1)+data2(:,2)); %Converts
Excel date and time into matlab date and time into the temp matrix
Temp(:,2)=data2(:,4); % Put rainfall (mm) into the temp
matrix
Temp(:,3)=data2(:,3); %Put flow (amps) into the temp
matrix
RainFlow_length=length(RainFlow)+1; %Determines the
length of existing matrix+1
Maxlength=RainFlow_length+length(Temp); %Determines the
maximum length of the new matrix
% The next for loop extends the existing matrix
(Rainflow) with the additional imported data (Temp)
for dt=RainFlow_length:1:Maxlength
number=dt-RainFlow_length+1;
if number>length(Temp)
%Don't do anything as it is an error
else
% The existing matrix (Rainflow is extended by
% assessing the additional matrix (Temp) to the
end of the existing matrix.
RainFlow(dt,1)=Temp(number,1);
RainFlow(dt,2)=Temp(number,2);
RainFlow(dt,3)=Temp(number,3);
end
end
clear Temp; %Clear Temp matrix for new data file
clear data2; %Clears data matrix for new data file
answer=input('Do you want to load another file for this
quantity file loading? (y/Y)'); %if the user doesn't want to load
another file finish this function and return to Data Analysis
end
end
Appendix E.III.c Conversion
function Converted_Data=Conversion(data)
%This function converts the recorded flow in mAmps to L s-1
Converted_Data(:,1)=data(:,1); %Places the time and date from
data into the new matrix
sprintf('Completed section 1')
Converted_Data(:,2)=data(:,2); %Places the rainfall from data
into the new matrix
sprintf ('completed section 2')
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l =menu('choose a site', '1. Site 1', '2. Site 2', '3. Quit');
%Displays menu with idividual site choices
if l==1 %Option 1 data for site 1
for tempIndex = 1:1:size(data) %This for-loop checks if
the data is valid and converts it according to section 6.2.5 in the
Thesis
if data(tempIndex,3)>0.05
Converted_Data(tempIndex,3)=0.005*((0.0249*((data(tempIndex,3))^2))+
(0.0007*((data(tempIndex,3)))))*1000; %mAmps converted to discharge
in L/s
else
Converted_Data(tempIndex,3)=0; %If data <0.05 mA
it is considered an error and therefore the data is set to 0 L/s
end
end
elseif l==2 %Option 2 data for Site 2
for tempIndex = 1:1:size(data) %This for loop checks if
the data is valid and converts it ccording to section 6.2.5 in the
Thesis.
if data(tempIndex,3)>0.05
Converted_Data(tempIndex,3)=0.005*((0.0201*((data(tempIndex,3))^2))+
(0.0978*((data(tempIndex,3)))))*1000; %mAmps converted to discharge
in L/s
else
Converted_Data(tempIndex,3)=0; %If data <=0.05
mAmps it is considered an error and therefore the data is set to 0
L/s
end
end
else
end
end %Calculations are complete and the Converted Data is returned to
the Data Analysis m-file
Appendix E.III.d Conversion_one
function [Datamin]=DataConversion_One(data)
%This function converts the converted data to minute data and
returns it to
%the Data Analysis m-file
starttime=data(1,1); %Sets start time to date and time of first
data set
maximum=size(data,1); %Determines maximum length of data set
index = 1 ; %Set index counter to 1
rain=0; %Sets rain temporary variables to zero
flow=0; %Sets flow temporary variable to zero
M.F.E. van der Sterren
434
for count=1:maximum
%This for-loop goes through the matrix and determines the
minute data
%Current data point time and date
minnow=minute(data(count,1));
hournow=hour(data(count,1));
daynow=day(data(count,1));
monthnow=month(data(count,1));
if count==maximum %If the count is equal to the maximum
length this will be the final date
minnext=minnow+1;
hournext=hournow
daynext=daynow
monthnext=monthnow
else
minnext=minute(data(count+1,1)); %If the count is not
equal to the final date the next time and date is found
hournext=hour(data(count+1,1));
daynext=day(data(count+1,1));
monthnext=month(data(count+1,1));
end
if minnow==minnext %When the minute for this data point and
the next are equal to the next the rain and flow are summed
rain=rain+data(count,2);
flow=flow+data(count,3);
elseif minnow<minnext %When the minute for this data point
are less to the minutes for the next data point the rain and flow
are summed
rain=rain+data(count,2);
flow=flow+data(count,3);
%and a new data set is created
Datamin(index,1)=starttime;
Datamin(index,2)=rain;
Datamin(index,3)=flow;
%The receiving calculations are reset for the next
data set
index=index+1;
rain=0;
flow=0; %Determines the start time of the next data
set
if count==maximum
starttime=starttime;
else
starttime=data(count+1,1);
end
elseif minnow>minnext %When the minutes for this data point
are greater than the next data point the rain flow are summed
rain=rain+data(count,2);
flow=flow+data(count,3);
%and a new data set is created
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Datamin(index,1)=starttime;
Datamin(index,2)=rain;
Datamin(index,3)=flow;
%Reoccurring calculations are reset for the next data
set
index=index+1;
rain=0;
flow=0;
%Determines the next data set start time
if count==maximum
starttime=starttime;
else
starttime=data(count+1,1);
end
else
a = 'error'
end
end
end %Ends functions and return the 1 minute data set to the Data
Analysis m-file
Appendix E.III.e Conversion-five
function [fivemin_data]= DataConversion_Five(Converted_Data) %This
function converts rain and flow data to 5 min intervals
%Set re-occurring data sets to a starting value
count=0;
counter=1;
partRain=0;
partFlow=0;
fiveminRain=0;
fiveminFlow=0;
sized=size(Converted_Data,1);
for index = 1:5:sized %This for-loop cycles through the 1 minute
data and sums the rain and flow in 5 minute intervals
if index+5 < sized
for counter=index:1:(index+5) %counts in 5 second
intervals through 1 minutes
partRain=Converted_Data(counter,2);
partFlow=Converted_Data(counter,3);
if partRain>0
fiveminRain=partRain+fiveminRain;
end
if partFlow>0
fiveminFlow=partFlow+fiveminFlow;
end
end
M.F.E. van der Sterren
436
count = count +1;
volume=fiveminRain; % Determines total depth of rainfall
duration=(5*60)/3600; %Determines equivalent of 5
minutes in an hour
Intensity=volume/duration; %Determines the intensity
%Setting up 5 minute matrix
fivemin_data(count,1)=Converted_Data(index,1);
fivemin_data(count,2)=Intensity;
fivemin_data(count,3)=fiveminFlow;
partRain=0;
partFlow=0;
fiveminRain=0;
fiveminFlow=0;
Intensity=0;
else
for counter=index:1:sized
partRain=Converted_Data(counter,2);
partFlow=Converted_Data(counter,3);
if partRain>0
fiveminRain=partRain+fiveminRain;
end
if partFlow>0
fiveminFlow=partFlow+fiveminFlow;
end
end
count = count +1;
volume=fiveminRain;
duration=((counter-index)*5)/3600;%determines the
equivalent of the duration in equivalent hours
if isempty(duration) %If there is only one data point
use duration of 1 min
duration = 1;
end
Intensity=volume/duration; %Determines the intensity
%Setting up 5 minute matrix
fivemin_data(count,1)=Converted_Data(index,1);
fivemin_data(count,2)=Intensity;
fivemin_data(count,3)=fiveminFlow;
partRain=0;
partFlow=0;
fiveminRain=0;
fiveminFlow=0;
Intensity=0;
end
end
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end %Ends function and returns 5 minute data set to the Data
Analysis m-file
Appendix E.III.f Daily conversion
function [RainFlow_Daily]=DailyConversion(RainFlow_one) %This
function converts 1 min rain and flow data volumes
%Sets the initial values to the variables
daily_part_flow_sum = 0;
daily_part_rain_sum=0;
count = 0;
RainFlow_Daily=[0,0];
index=1;
MonthNumNext=0;
MonthStringNext=0;
DayMonthNext = 0;
MonthNumPrevious=0;
MonthStringPrevious=0;
DayMonthPrevious = 0;
MonthNum=0;
MonthString= 0;
DayMonth = 0;
for i=1:1:size(RainFlow_one,1)
%This for-loop cycles through the 1 minute data and converts
the data to daily
[MonthNum, MonthString] = month(RainFlow_one(i,1));
DayMonth = day(RainFlow_one(i,1));
Hour = hour(RainFlow_one(i,1));
Minute = minute(RainFlow_one(i,1));
if i<size(RainFlow_one,1)
[MonthNumNext, MonthStringNext] =
month(RainFlow_one(i+1,1)); %When the data is finished still need 1
more entry
DayMonthNext = day(RainFlow_one(i+1,1));
end
if i==1
RainFlow_Daily(index,1)=RainFlow_one(i,1); %When it is
the first loop the initial date needs to be set
else %Find the previous day
[MonthNumPrevious, MonthStringPrevious] =
month(RainFlow_one(i-1,1));
DayMonthPrevious = day(RainFlow_one(i-1,1));
if DayMonthPrevious<DayMonth ||
MonthNumPrevious<MonthNum
RainFlow_Daily(index,1)=RainFlow_one(i,1); %and
assigns the date when needed
end
end
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if (MonthNumNext>MonthNum)&& (DayMonthNext<DayMonth)
daily_part_flow_sum=RainFlow_one(i,3)*60+daily_part_flow_sum; %This
if else statement computes the daily flow and rain and assign it to
a new matrix
daily_part_rain_sum=RainFlow_one(i,2)+daily_part_rain_sum;
RainFlow_Daily(index,2)=daily_part_rain_sum;
RainFlow_Daily(index,3)=daily_part_flow_sum;
index=index+1;
daily_part_flow_sum=0;
daily_part_rain_sum=0;
elseif ((MonthNumNext==MonthNum)&& (DayMonthNext>DayMonth))
daily_part_flow_sum=RainFlow_one(i,3)*60+daily_part_flow_sum;
daily_part_rain_sum=RainFlow_one(i,2)+daily_part_rain_sum;
RainFlow_Daily(index,2)=daily_part_rain_sum;
RainFlow_Daily(index,3)=daily_part_flow_sum;
index=index+1;
daily_part_flow_sum=0;
daily_part_rain_sum=0;
else
daily_part_flow_sum=RainFlow_one(i,3)*60+daily_part_flow_sum;
daily_part_rain_sum=RainFlow_one(i,2)+daily_part_rain_sum;
end
end
end %Ends function and return the new daily matrix to the Data
Analysis matrix
Appendix E.III.g Conversion-six
function [sixmin_data]= DataConversion_Six(Converted_Data) %This
function converts 1 min intervals to 6 min intervals for MUSIC
modelling
count=0;
partRain=0;
partFlow=0;
sixminRain=0;
sixminFlow=0;
sized=size(Converted_Data,1);
for index = 1:6:sized %This for-loop cycles through the 1 minute
data and sums the rain and flow in 6 minute intervals
if index+6 < sized
for counter=index:1:(index+6)
partRain=Converted_Data(counter,2);
partFlow=Converted_Data(counter,3);
if partRain>0
sixminRain=partRain+sixminRain;
end
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if partFlow>0
sixminFlow=partFlow+sixminFlow;
end
end
count = count +1;
%Creating the 6 minute matrix
sixmin_data(count,1)=Converted_Data(index,1);
sixmin_data(count,2)=sixminRain;
sixmin_data(count,3)=sixminFlow;
partRain=0;
partFlow=0;
sixminRain=0;
sixminFlow=0;
else
for counter=index:1:sized
partRain=Converted_Data(counter,2);
partFlow=Converted_Data(counter,3);
if partRain>0
sixminRain=partRain+sixminRain;
end
if partFlow>0
sixminFlow=partFlow+sixminFlow;
end
end
count = count +1;
sixmin_data(count,1)=Converted_Data(index,1);
sixmin_data(count,2)=sixminRain;
sixmin_data(count,3)=sixminFlow;
partRain=0;
partFlow=0;
sixminRain=0;
sixminFlow=0;
end
end
end %Ends the function and returns six minute data matrix to the
Data Analysis matrix
Appendix E.III.h Antecedent
function [gap_rain, gap_flow]=Antecedent(Rain) %This function
determines the antecedent time period for the rainfall events
%Sets the initial variables
Numerator = 0;
Denominator=1;
Rain1=0;
Rain2=0;
sized=0;
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sizing=length(Rain);
minimum_frequency= (1/min(1/1440,1/5))*5/5; %Determines the
minimum frequency
maxlength=0.2*sizing; %Determines 20% of the length of data
set
limitcalculation=min(minimum_frequency,maxlength);
%Determines the limit of calculations
k=0:1:limitcalculation; %Creates k matrix for analysis
summing=sum(Rain,1); %Sums rainfall
ybar=summing(1,2)/sizing(1,1); %Determines average rain
sizerain=limitcalculation; %Determines total data size
for j=1:1:size(k,2) %This for loop determine the
autocorrelation for rainfall
number=(k(1,j))+1;
if number<=j
number=j+1;
end
for i=number:1:sizing
Numerator=Numerator+((Rain(i,2)-ybar)*((Rain((i-
j),2)-ybar)));
Denominator=Denominator+((Rain(i,2)-ybar)^2);
end
correlation(j)=Numerator/Denominator;
clear Numerator Denominator
Numerator =0;
Denominator =1;
end
%The next section plots the autocorrelation coefficient
upper_bound=(-1/limitcalculation)+(2/(sqrt(limitcalculation)));
lower_bound=(-1/limitcalculation)-(2/(sqrt(limitcalculation)));
plot(k(1,:),correlation(1,:),'-',k(1,:),upper_bound, '--
',k(1,:),lower_bound,'--')
xlim([0 limitcalculation]);
h=gcf;
set(h, 'Name', 'Correlation Graph');
xlabel ('Inter Event Time (time steps of 5 minutes) for
rainfall','FontName', 'Lucinda Sans');
ylabel ('Correlation','FontName', 'Lucinda Sans')
titleplot1=title ('Correlation of Inter Event Time');
set(titleplot1, 'FontName', 'Lucinda Sans');
sprintf('%s', 'Look at graph and determine the inter event
time'); %Ask the user to evaluate the graph
gap_rain = input('What is the inter event time'); %Asks for
input from the user of antecedent time step
%Continue same calculations for flow
Numerator = 0;
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Denominator=1;
sizing=length(Rain);
minimum_frequency= (1/min(1/1440,1/5))*5/5; %Determines
minimum frequency of data set
maxlength=0.2*sizing; %Determines 20% of data length
limitcalculation=min(minimum_frequency,maxlength); %Set the
limits of calculation
k=0:1:limitcalculation; %Sum the flow
summing=sum(Rain,1);
ybar=summing(1,3)/sizing(1,1);
sizerain=limitcalculation;%Determines the average flow
for j=1:1:size(k,2)%This for-loop determines
autocorrellation coefficient for flow
number=(k(1,j))+1;
if number<=j
number=j+1;
end
for i=number:1:sizing
Numerator=Numerator+((Rain(i,3)-ybar)*((Rain((i-
j),3)-ybar)));
Denominator=Denominator+((Rain(i,3)-ybar)^2);
end
correlation_flow(j)=Numerator/Denominator;
clear Numerator Denominator
Numerator =0;
Denominator =1;
end
%This next section plot autocorrellation graph for flow
upper_bound=(-1/limitcalculation)+(2/(sqrt(limitcalculation)));
lower_bound=(-1/limitcalculation)-(2/(sqrt(limitcalculation)));
figure(2);
plot(k(1,:),correlation_flow(1,:),'-',k(1,:),upper_bound, '--
',k(1,:),lower_bound,'--')
xlim([0 limitcalculation]);
h=gcf;
set(h, 'Name', 'Correlation Graph');
xlabel ('Inter Event Time (time steps of 5 minutes) for
flow','FontName', 'Lucinda Sans');
ylabel ('Correlation','FontName', 'Lucinda Sans')
titleplot2=title ('Correlation of Inter Event Time');
set(titleplot2,'FontName', 'Lucinda Sans');
sprintf('%s', 'Look at graph and determine the inter event
time'); %Prompts the user to evaluate graph
gap_flow = input('What is the inter event time'); %Ask the user
for input
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end %Returns the antecedent time period for flow and rain to Data
Analysis and ends function
Appendix E.III.i Statistics
function eventTimes = Statistics(data, gap_rain, gap_flow)
%This function determines the descriptive statistics of the data
index = 1;
inEvent = 0;
countdown = 0;
for count=1:1:size(data,1)
%This for-loop finds the start of the rainfall event
if data(count,2)>0 || inEvent == 0
start_rainfall_index(index)=count;
start_rainfall_date(index)=data(count,1);
start_runoff_index(index)=count;
start_runoff_date(index)=data(count,1);
inEvent=1;
elseif data(count,2) == 0 || inEvent ==1
if countdown == gap_rain
if count-countdown < start_rainfall_index(index)
finish_rainfall_index(index)=start_rainfall_index(index)+1;
finish_rainfall_date(index)=data((start_rainfall_index(index)+1),1);
else
finish_rainfall_index(index)=count-countdown+1;
finish_rainfall_date(index)=data((count-
countdown+1),1);
inEvent=0;
index=index+1;
countdown=0;
end
elseif countdown<gap_rain
countdown=countdown+1;
end
end
end
%Resets variable
maximum=index-1;
inEvent=0;
index=1;
countdown=0;
for count=1:1:maximum
%This for-loop determines the end of the flow events
start=start_rainfall_index(count);
finish =finish_rainfall_index(count);
if count==maximum
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secondstart=finish;
else
secondstart=start_rainfall_index(count+1);
end
for number=start:1:secondstart
if number==secondstart || data(number,3)> 0.005 ||
inEvent == 0
inEvent = 1;
countdown=0;
finish_runoff_index(count)=number+1;
finish_runoff_date(count)=data(number+1,1);
elseif data(number,3) < 0.005 || inEvent == 1;
%search continues for flow until end of gap
if countdown == gap_flow
finish_runoff_index(count)=number+1;
finish_runoff_date(count)=data(number+1,1);
inEvent=0;
countdown=0;
number=secondstart;
elseif countdown<gap_flow && number < secondstart
countdown=countdown+1;
elseif number==secondstart
finish_runoff_index(count)=number+1;
finish_runoff_date(count)=data(number+1,1);
inEvent=0;
countdown=0;
number=secondstart;
end
end
end
end %Resets variables
maximum=size(finish_runoff_index,2)-1;
inEvent=0;
for index=1:1:maximum
maximum=max(finish_runoff_index(index),
finish_rainfall_index(index));
for count=start_rainfall_index(index):1:maximum
%This for-loop determines if an event occurs
if data(count,2) > 0
eventTimes_raw(index,1)=start_runoff_index(index);
%%Start of runoff index
eventTimes_raw(index,2)=start_rainfall_index(index);
%%Start of rainfall event index
eventTimes_raw(index,3)=finish_runoff_index(index);
%%Finish of runoff index
eventTimes_raw(index,4)=finish_rainfall_index(index);
%%Finish of rainfall event index
eventTimes_raw(index,5)=start_runoff_date(index);
%start date and time of runoff
eventTimes_raw(index,6)=start_rainfall_date(index);%start date and
time of rainfall
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eventTimes_raw(index,7)=finish_runoff_date(index);%finish date and
time of runoff
eventTimes_raw(index,8)=finish_rainfall_date(index);
%finish date and time of runoff
eventTimes_raw(index,9)=1; %In event
inEvent=1;
count=maximum;
elseif inEvent == 0;
eventTimes_raw(index,1)=start_runoff_index(index);
%%Start of runoff index
eventTimes_raw(index,2)=start_rainfall_index(index);
%%Start of rainfall event index
eventTimes_raw(index,3)=finish_runoff_index(index);
%%Finish of runoff index
eventTimes_raw(index,4)=finish_rainfall_index(index);
%%Finish of rainfall event index
eventTimes_raw(index,5)=start_runoff_date(index);
%start date and time of runoff
eventTimes_raw(index,6)=start_rainfall_date(index);%start date and
time of rainfall
eventTimes_raw(index,7)=finish_runoff_date(index);%finish date and
time of runoff
eventTimes_raw(index,8)=finish_rainfall_date(index);
%finish date and time of runoff
eventTimes_raw(index,9)=0; %Not in event
end
end
end
count=1;
inEvent=0;
maximum=size(eventTimes_raw,1);
for index=1:1:(maximum)
%This for-loop determines which events fllow each other
closely to really become 1 event
if index>1
check=eventTimes(count-1,3)+gap_flow;
check2=eventTimes(count-1,4)+gap_rain;
end
if index==1
eventTimes(count,1)=eventTimes_raw(index,1); %start
runoff index
eventTimes(count,2)=eventTimes_raw(index,2); %start
rainfall index
eventTimes(count,3)=eventTimes_raw(index,3); %finish
runoff index
eventTimes(count,4)=eventTimes_raw(index,4); %finish
rainfall index
eventTimes(count,5)=eventTimes_raw(index,5); %start date
and time runoff
eventTimes(count,6)=eventTimes_raw(index,6); % start
date and time rainfall
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eventTimes(count,7)=eventTimes_raw(index,7); % finish
date and time runoff
eventTimes(count,8)=eventTimes_raw(index,8); % finish
date and time rainfall
eventTimes(count,9)=eventTimes_raw(index,9); % event or
no event
count=count+1;
elseif eventTimes_raw(index,1) > check
eventTimes(count,1)=eventTimes_raw(index,1); %start
runoff index
eventTimes(count,2)=eventTimes_raw(index,2); %start
rainfall index
eventTimes(count,3)=eventTimes_raw(index,3); %finish
runoff index
eventTimes(count,4)=eventTimes_raw(index,4); %finish
rainfall index
eventTimes(count,5)=eventTimes_raw(index,5); %start date
and time runoff
eventTimes(count,6)=eventTimes_raw(index,6); % start
date and time rainfall
eventTimes(count,7)=eventTimes_raw(index,7); % finish
date and time runoff
eventTimes(count,8)=eventTimes_raw(index,8); % finish
date and time rainfall
eventTimes(count,9)=eventTimes_raw(index,9); % event or
no event
count=count+1;
elseif eventTimes_raw(index,1) > 0 &&
(eventTimes_raw(index,1) <= check || eventTimes_raw(index,2) <=
check2)
eventTimes(count-
1,1)=min(eventTimes_raw(index,1),eventTimes(count-1,1)); %start
runoff index
eventTimes(count-
1,2)=min(eventTimes_raw(index,2),eventTimes(count-1,2)); %start
rainfall index
eventTimes(count-
1,5)=min(eventTimes_raw(index,5),eventTimes(count-1,5)); %start date
and time runoff
eventTimes(count-
1,6)=min(eventTimes_raw(index,6),eventTimes(count-1,6)); % start
date and time rainfall
eventTimes(count-
1,3)=max(eventTimes_raw(index,3),eventTimes(count-1,3)); %finish
runoff index
eventTimes(count-
1,4)=max(eventTimes_raw(index,4),eventTimes(count-1,4)); %finish
rainfall index
eventTimes(count-
1,7)=max(eventTimes_raw(index,7),eventTimes(count-1,7)); % finish
date and time runoff
eventTimes(count-
1,8)=max(eventTimes_raw(index,8),eventTimes(count-1,8)); % finish
date and time rainfall
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eventTimes(count-
1,9)=max(eventTimes_raw(index,9),eventTimes_raw(index-1,9)); %Event
or no event
end
end
maximum=size(eventTimes,1);
counter=1;
for count=1:1:maximum %This for-loops removes events that are
not actually events
if eventTimes(count,9) == 1
event(counter,1)=eventTimes(count,1); %%Start of
runoff index
event(counter,2)=eventTimes(count,2); %%Start of
rainfall event index
event(counter,5)=eventTimes(count,5); %start date
and time of runoff
event(counter,6)=eventTimes(count,6);%start date and
time of rainfall
event(counter,3)=eventTimes(count,3); %%Finish of
runoff index
event(counter,4)=eventTimes(count,4); %%Finish of
rainfall event index
event(counter,7)=eventTimes(count,7);%finish date
and time of runoff
event(counter,8)=eventTimes(count,8); %finish date
and time of rainfall
event(counter,9)=eventTimes(count,9); %finish date
and time of runoff
counter=counter+1;
end
end
eventTimes=[]; %Resets event times
eventTimes=event;
h=1;
for index=1:1:(size(eventTimes,1)-1) %This for-loop plot the
hyetograph and hydrograph
counter=1;
count=1;
for
count=eventTimes(index,2):1:min(size(data,1),eventTimes(index,3))
xaxisdata(counter)=data(count,1);
yaxisdata(counter)=data(count,2);
yaxisdata_runoff(counter)=data(count,3);
counter=counter+1;
end
start=xaxisdata(1);
finish= max(xaxisdata(:));
middle=max(yaxisdata_runoff(:));
ylimit=middle/2;
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if ylimit==0
ylimit=0;
end
figure(h)
[AX,
H1,H2]=plotyy(xaxisdata,yaxisdata,xaxisdata,yaxisdata_runoff,'bar','
plot');
datetick('x', 24);
xlabel('Date (dd/mm/yyyy)','FontName', 'Lucinda Sans');
set(gca, 'FontName', 'Lucinda Sans');
axes(AX(1))
ylabel('intensity mm/hr');
set(AX(1),'ydir','reverse', 'FontName', 'Lucinda Sans');
axes(AX(2))
ylabel('Flow L/s', 'FontName', 'Lucinda Sans');
set(AX(2), 'FontName', 'Lucinda Sans');
indextitle=['Event Number ' (num2str(index))];
set(h, 'Name', indextitle);
heading=title(indextitle);
set(heading, 'FontName', 'Lucinda Sans');
set(gca, 'xTick',[], 'FontName', 'Lucinda Sans');
mid=(finish - start)/2 + start;
text(mid,ylimit,['start date = ', datestr(start, 'dd/mm/yyyy
HH:MM'),' - finish date = ',datestr(finish, 'dd/mm/yyyy
HH:MM')],...
'HorizontalAlignment', 'center', 'VerticalAlignment',
'middle','BackgroundColor', 'white');
% saveas(h,['Site Validation 2 - ' (num2str(index))],'fig')
%Allows
% for saving files in figurre format
% saveas(h,['Site Validation 2 -' (num2str(index))],'jpeg')
%Allows for saving files in jpeg
h=h+1;
clear xaxisdata yaxisdata yaxisdata_runoff ylimit start
middle
end
filename = 'IFD Data.xlsx';
sheetname = 'sheet1';
range = 'A1:H75';
location=1;
loss=0;
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ifd = xlsread(filename, sheetname, range); %reading in the IFD
to the program
area=input('What is the area of the roof?'); %Prompts the user
for size of the roof
Combined(:,2)=((((data(:,3)*5*60)/1000)/area)*1000);
Combined(:,1)=data(:,2)*5/60;
FlowRain=regress(Combined(:,2), Combined(:,1)); %The if-else
statement determines the initial losses
if size(FlowRain,2)==1
y=FlowRain(1,1)*Combined(:,1);
h=gcf;
h=h+1;
figure (h)
plot(Combined(:,1),Combined(:,2), 'd');
h=gcf;
hold on
plot(Combined(:,1), y(:,1),'g');
set(h, 'Name', 'Initial Losses');
xlabel ('Rainfall (mm)', 'FontName', 'Lucinda Sans');
ylabel ('Discharge/Area (mm)', 'FontName', 'Lucinda Sans')
heading2=title ('Determination of Initial Loss');
set(heading2,'FontName', 'Lucinda Sans');
height=max(Combined(:,2));
width=min(Combined(:,1))+1;
text(width,height, ['y = ',num2str(FlowRain(1,1)),'x'],
'HorizontalAlignment','left', 'BackgroundColor',[0.7 0.7 0.7]);
else
y=FlowRain(2,1)*Combined(:,1)+FlowRain(1,1);
h=gcf;
h=h+1;
figure (h)
plot(Combined(:,1),Combined(:,2), 'd');
h=gcf;
hold on
plot(Combined(:,1), y(:,1),'g');
set(h, 'Name', 'Initial Losses','FontName', 'Lucinda Sans');
xlabel ('Rainfall (mm)','FontName', 'Lucinda Sans');
ylabel ('Discharge/Area (mm)','FontName', 'Lucinda Sans')
heading2=title ('Determination of Initial Loss','FontName',
'Lucinda Sans');
set(heading2, 'FontName', 'Lucinda Sans');
height=max(Combined(:,2));
width=min(Combined(:,1))+1;
text(width,height, ['y = ',num2str(FlowRain(2,1)),'x + ',
num2str(FlowRain(1,1))], 'HorizontalAlignment','left',
'BackgroundColor',[0.7 0.7 0.7]);
end
loss=input('What is the initial loss?'); %Prompts the user for
initial losses
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for index = 1:size(eventTimes,1) %This for-loop computes the
statistics of the events
clear tempData tempFlow ;
clear Q Intensity maximum minimum burst_rain;
clear CArea durationIndexes durationIndex;
for
counter=min(eventTimes(index,1),eventTimes(index,2)):max(eventTimes(
index,3),eventTimes(index,4))
tempData (location,1) = data(counter,2); %Determines the
rainfall
tempFlow (location,1)= data(counter,3); %Determines
flow
location = location+1;
end
%Determines rainfall and flow duration
runoff_duration = (eventTimes(index,3)-
eventTimes(index,2))*5;
rainfall_duration = (eventTimes(index,4)-
eventTimes(index,2))*5;
eventTimes(index,9) = runoff_duration;
eventTimes(index,10) = rainfall_duration;
if eventTimes(index,10)<=0
eventTimes(index,10)=5;
end
if eventTimes(index,9)<=0
eventTimes(index,9)=5;
end
totalRain=sum(tempData(:,1)*(5/60)); %Determines the mm of
rainfall
eventTimes(index,11) =totalRain/(rainfall_duration/60);
%Determines level of intensity
eventTimes(index,12) = totalRain; %Determines total volume of
rain during event
totalFlow=(sum(tempFlow(:,1))*(5*60))/1000; %Determines total
volume during event in cu.m.
eventTimes(index,13)=totalFlow; %Determines total volume of
flow during event
%find maximum rainfall event for ARI, followed by burst
duration.
%Then computes average intensity burst.
maximumburst=max(tempData(:,1));
startindex = find(tempData(:,1) == maximumburst);
for count=startindex:1:length(tempData) %This for-loop
determines the final date and time of the burst
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if tempData(count,1)==0
burstfinalindex=count;
elseif count==length(tempData)
burstfinalindex=count;
end
end
count=startindex;
for count=startindex:-1:1 %This for-loop determine initial
date and time of rainfall burst
if count==1
burstbeginindex=1;
elseif tempData(count,1)==0
burstbeginindex=count;
break
end
end
burst_volume=sum(tempFlow(burstbeginindex:burstfinalindex))*(1*60)/1
000; %Determines burst volume
burst_rain=mean(tempData(burstbeginindex:burstfinalindex));
%Determines average burst rain
peakflow=max(tempFlow(:,1))/1000; %Find maximum flow
volumetric_runoff_coeff=totalFlow/(totalRain/1000*area); %
total volume of flow (cu.m.)/ total volume of rain (mm)/1000*area
(sq.m.)
eventTimes(index,14)=volumetric_runoff_coeff;
eventTimes(index,15)=peakflow;
duration=(burstfinalindex-burstbeginindex)*5;
durationIndexes = find(ifd(:,1) <= duration);
durationIndex = durationIndexes(size(durationIndexes,1));
intensity=burst_rain;
eventTimes(index,16)=intensity;
eventTimes(index,17)=duration;
eventTimes(index,18)=max(tempData(burstbeginindex:burstfinalindex));
%Determines the ARF of the event
if intensity < ifd (durationIndex(1,1),2)
eventTimes(index,19) = 0; %<1
elseif intensity == ifd (durationIndex(1,1),2)
eventTimes(index,19) = 1;
elseif intensity < ifd (durationIndex(1,1),3)
eventTimes(index,19) = 2;%<2
elseif intensity == ifd (durationIndex(1,1),3)
eventTimes(index,19) = 3;
elseif intensity < ifd (durationIndex(1,1),4)
eventTimes(index,19) = 4;%<5
elseif intensity == ifd (durationIndex(1,1),4)
eventTimes(index,19) = 5;
elseif intensity < ifd (durationIndex(1,1),5)
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eventTimes(index,19) = 6;%<10
elseif intensity == ifd (durationIndex(1,1),5)
eventTimes(index,19) = 7;
elseif intensity < ifd (durationIndex(1,1),6)
eventTimes(index,19) = 8;%<20
elseif intensity == ifd (durationIndex(1,1),6)
eventTimes(index,19) = 9;
elseif intensity < ifd (durationIndex(1,1),7)
eventTimes(index,19) = 10;%<50
elseif intensity == ifd (durationIndex(1,1),7)
eventTimes(index,19) = 11;
elseif intensity < ifd (durationIndex(1,1),8)
eventTimes(index,19) = 12;%<100
elseif intensity == ifd (durationIndex(1,1),8)
eventTimes(index,19) = 13;
elseif intensity >= ifd (durationIndex(1,1),8)
eventTimes(index,19) = 14;
else
eventTimes(index,19)=100;
end
end %ends function and returns statistics to the Data Analysis
m-file
end
Appendix E.III.j Export Statistics
function excelexportstatitics (data)
%This function allows the statistics data to be exported to Excel
filename2 = input('Please enter the filename for the
statistics.');%Determine the file name of the input (xls only)
tempData(:,1)=data(:,1); %Start Index flow
tempData(:,2)=data(:,2); %Start Index rain
tempData(:,3)=data(:,3); %Finish Index flow
tempData(:,4)=data(:,4); %Finish Index Rain
tempData(:,5)=m2xdate(data(:,5)); %Start date and time flow
tempData(:,6)=m2xdate(data(:,6)); %Start date and time rain
tempData(:,7)=m2xdate(data(:,7)); %Finish date and time flow
tempData(:,8)=m2xdate(data(:,8)); %Finish date and time rain
tempData(:,9)=data(:,9); %Flow duration in minutes
tempData(:,10)=data(:,10); %Rain duration in minutes
tempData(:,11)=data(:,11); %Average intensity (mm/hr)
tempData(:,12)=data(:,12); %Volume of rain (mm)
tempData(:,13)=data(:,13); %Total flow (cu.m.)
tempData(:,14)=data(:,14); %Volumetric runoff coefficient
tempData(:,15)=data(:,15); %Maximum flow (L/s)
tempData(:,16)=data(:,16); %Average burst intensity (mm/hr)
tempData(:,17)=data(:,17); %Burst duration (min)
tempData(:,18)=data(:,18); %Maximum intensity (mm/hr)
tempData(:,19)=data(:,19); %ARI code
xlswrite(filename2,tempData); %Exports data to Excel
end
M.F.E. van der Sterren
452
Appendix E.III.k Export to Excel
function excelexport (data)
%This function allows the export of the rain and flow data to Excel
filename2 = input('Please enter the filename for the
data.');%Determine the file name of the input (xls only)
tempData(:,1)=m2xdate(data(:,1)); %Converts Matlab time and date
to Excel format
tempData(:,2)=data(:,2); %Rainfall
tempData(:,3)=data(:,3); %Flow
xlswrite(filename2,tempData); %Exports data to Excel
end %Ends functions and returns to Data Analysis
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Appendix E.IV Modelling Evaluation Program
Appendix E.IV.a Model Analysis Program
%{
The program analysis results from the XP-SWMM software modelling
program and compares them to the collected results ...
on-site. The analysis program is divided into loading measured data
and modelled data, followed by statistical analysis of the ...
modelled versus measured data.
%}
answer = 0; %makes sure that the program keeps running until quit is
selected
while answer == 0
k = menu('Choose an option', '1. load observed quantity
data','2. load observed water level',....
'3. load observed water quality', '4. load modelled quantity',
'5. load modelled quality', '6. analysis', '7. Quit');
if k == 1 % loading the observed quantity data on site,
including the overflow volumes collected
[observed]=loadobserved();
[observed_overflow]=load_overflow();
elseif k == 2 % loading the recorded water level
[water_level] = loadwl();
elseif k == 3 % loading the recorded water quality results in
the overflow and rainwater tanks
[TS_observed, TN_observed, TP_observed, Overflow_TS,
Overflow_TP, Overflow_TN] = loadwq();
elseif k == 4 % loading of the modelled quantity from the XP-
SWMM software program
m= menu ('choose an option', '1. runoff', '2. downpipe', '3.
overflow', '4. level', '5. combined flows');
if m == 1 %loading runoff
[runoff]=load_modelled_runoff();
elseif m == 2 %loading downpipe data
[downpipe]=load_modelled();
elseif m == 3 % loading overflow data
[overflow]=load_modelled_overflow();
elseif m == 4 % loading rainwater tank level data
[model_level]=load_level();
elseif m == 5 % combining flows into 1 matrix for analysis
purposes
[modelled]=combined(runoff, downpipe, overflow);
end
elseif k == 5 % loading the modelled quailty data from the XP-
SWMM fort.888 file
[TS, TP, TN]=load_quality(modelled);
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elseif k == 6 % provides options for analysising the modelled
versus measured data
l = menu('choose an option', '1. water quantity', '2. water
level', '3. water quality');
if l == 1 % the modelled quantity compared to the observed
quantity into and out of the tank
quantity_results=model_quantity(observed,modelled,observed_overflow)
;
elseif l==2 % comparison of the observed and measured levels
within the tank
[level_results,
combined_level]=level_analysis(water_level, model_level);
elseif l==3 % comparison of the observed and measured
quality within the tank and overflow
[quality_results, combined_TS, combined_TP,
combined_TN]=quality_analysis(TS, TP, TN, TS_observed, TP_observed,
TN_observed);
[quality_overflow]=overflow_quality(TS, TP, TN,
Overflow_TS, Overflow_TP, Overflow_TN);
end
elseif k == 7 % to quit the program
answer = 1;
else % fall back that quits the program
answer = 1;
end
end % end of program
Appendix E.IV.b Load Observed Data
function analysis_data=loadobserved()
data=csvread('observed2.csv'); % reads the observed rainfall and
discharge through the downpipe
analysis_data(:,1)= datenum(data(:,3),data(:,2), data(:,1),
data(:,4), data(:,5), 0); % converts the date to a matlab date
analysis_data(:,2)=data(:,6); %rain in mm
analysis_data(:,3)=data(:,7); %discharge through downpipe in L/s
roof_area=input('What is the roof area?') % request the roof
area draining into the tank
analysis_data(:,4)=data(:,6)*roof_area/60; % computes the
instantaneous runoff in L/s
end % returns the computed data to model_analysis
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Appendix E.IV.c Loading Observed Water Levels
function analysis_data=loadwl()
data=csvread('observedlevels.csv'); %loads in the observed water
levels
analysis_data(:,1)= datenum(data(:,3),data(:,2), data(:,1),
data(:,4), data(:,5),0); % converts the date to a matlab date
analysis_data(:,2)=data(:,6); % records the water levels
end % returns back to model_analysis
Appendix E.IV.d Loading Observed Water Quality
function [TS, TP, TN, TS_Overflow, TP_Overflow,
TN_Overflow]=loadwq()
%loading the measured water quality for the tank and the
overflows
TS = [];
TS_Overflow = [];
TP = [];
TP_Overflow = [];
TN= [] ;
TN_Overflow = [];
data=xlsread('water_quality2.xlsx'); %reading the excel file for
the water quality
size = length(data(:,1)); % determines the total length of the
data
for index = 1:size
% separates the different datasets
if isnan(data(index,2)) == 0
TS(index,1)=x2mdate(data(index,1));
TS(index,2)=data(index,2);
end
if isnan(data(index,4)) == 0
TS_Overflow(index,1)=x2mdate(data(index,3));
TS_Overflow(index,2)=data(index,4);
end
if isnan(data(index,6)) == 0
TP(index,1)=x2mdate(data(index,5));
TP(index,2)=data(index,6);
end
if isnan(data(index,8)) == 0
TP_Overflow(index,1)=x2mdate(data(index,7));
TP_Overflow(index,2)=data(index,8);
end
if isnan(data(index,10)) == 0
TN(index,1)=x2mdate(data(index,9));
TN(index,2)=data(index,10);
end
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if isnan(data(index,12)) == 0
TN_Overflow(index,1)=x2mdate(data(index,11));
TN_Overflow(index,2)=data(index,12);
end
end
end % returns the data back to the model_analysis
Appendix E.IV.e Loading Modelled Run-off Data
function data_runoff=load_modelled_runoff()
% loading the modelled runoff from the XP-SWMM program
[date, data]=textread('runoff.dat', '%s %f', 'delimiter','\t');
%imports flow from the runoff node
size=length(date(:,1)); % determines the length of the data set
for index=1:size
datecounter(index,1)=datenum(date(index,1), 'dd/mm/yyyy
HH:MM'); % converts the date from text to matlab format
end
data_runoff(:,1)=datecounter(:,1); % assigns the date to the
data set
data_runoff(:,2)=data(:,1); % assigns the data to the data set
end % return to model_analysis
Appendix E.IV.f Loading Modelled Discharge Data
function data_analysis=load_modelled()
[date, data]=textread('downpipetest.dat', '%s %f',
'delimiter','\t'); %imports flow in downpipe
size=length(date(:,1)); % determines the length of the data set
for index=1:size
datecounter(index,1)=datenum(date(index,1), 'dd/mm/yyyy
HH:MM'); % computes the matlab date
end
data_analysis(:,1)=datecounter(:,1); % assigns the date to the
dataset
data_analysis(:,2)=data(:,1); %assigns the data to the dataset
end % returns to model_analysis
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Appendix E.IV.g Loading Modelled Overflow Data
function data_overflow=load_modelled_overflow()
[date, data]=textread('overflow.dat','%s %f', 'delimiter','\t');
% loads the modelled overflow discharge
size=length(date(:,1)); % determines the lenght of the dataset
for index=1:size
datecounter(index,1)=datenum(date(index,1), 'dd/mm/yyyy
HH:MM'); % converts the date to Matlab date
end
data_overflow(:,1)=datecounter(:,1); %assigns the date to the
dataset
data_overflow(:,2)=data(:,1); %assigns the data to the dataset
end %returns to model_analysis
Appendix E.IV.h Loading Modelled Water Level
function data_analysis=load_level()
[date, data]=textread('tankdepth.dat', '%s %f',
'delimiter','\t'); %imports the water level in the tank
size=length(date(:,1)); % determines the length of the dataset
for index=1:size
datecounter(index,1)=datenum(date(index,1), 'dd/mm/yyyy
HH:MM'); % computes the matlab date
end
data_analysis(:,1)=datecounter(:,1); % assigns the matlab date
to the dataset
data_analysis(:,2)=data(:,1); % assigns the data to the dataset
end % returns to model_analysis
Appendix E.IV.i Combining Modelled Data
function data = combined(runoff, downpipe, overflow)
data(:,1)=downpipe(:,1); % assigns the downpipe Matlab dates to
the temporary data set
data(:,3)=downpipe(:,2); % assigns the downpipe flow data to the
temporary data set
size=length(downpipe(:,1)); % determines the length of the
dataset
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for index = 1:size
[row,column]=find(data(:,1)==runoff(index,1)); % finds the
row associated with the date in the first column
if isempty(row) == 1
index=index+1; %when there is no equivalent nothing is
assigned
else
data(row,2)=runoff(index,2); %the row found, identifies
where the runoff is to be assigned
index=index+1; % increase the index to the next row
end
end
index=1;
for index = 1:size
[row,column]=find(data(:,1)==overflow(index,1)); % finds the
row associated with the date in the first column
if isempty(row) == 1
index=index+1; %when there is no equivalent nothing is
assigned
else
data(row,4)=overflow(index,2); % the row found,
identifies where the runoff is to be assigned
index=index+1; %increases the index to the next row
end
end
end %returns to model_analysis
Appendix E.IV.j Loading Modelled Water Quality
function [TS, TP, TN]=load_quality(start)
data=csvread('quality.csv'); %reads in the quality data from the
XP-SWMM model
quality_data(:,2)=data(:,4); % Assigns the modelled
concentrations
quality_data(:,3)=data(:,5); % assigns the pollutant type
hours_passed=data(:,1); % assigns the hours passed since
beginning of modelling
minutes_passed=data(:,2); % determines the minutes passed since
beginning of modelling
seconds_passed=data(:,3); % determines the seconds passed since
beginning of modelling
start_time=start(1,1); %determines the start time of the
modelling
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for index = 2 : length(quality_data)
quality_data(index,1)=start_time+datenum(0,0,0,hours_passed(in
dex), minutes_passed(index),seconds_passed(index)); % computes
the matlab date
end
index=1;
TN = 0;
countTS=1;
countTP=1;
countTN=1;
for index=1:length(quality_data) % determines which pollutant
type the concentration is
if quality_data(index,3) == 2 % finds all data for TS
concentrations
TS(countTS,1)=quality_data(index,1);
TS(countTS,2)=quality_data(index,2);
TS(countTS,3)=quality_data(index,3);
countTS=countTS+1;
elseif quality_data(index,3) == 1 % finds all data for TP
concentrations
TP(countTP,1)=quality_data(index,1);
TP(countTP,2)=quality_data(index,2);
TP(countTP,3)=quality_data(index,3);
countTP=countTP+1;
elseif quality_data(index,3) == 3% finds all data for TN
concentrations
TN(countTN,1)=quality_data(index,1);
TN(countTN,2)=quality_data(index,2);
TN(countTN,3)=quality_data(index,3);
countTN=countTN+1;
end
end
end % returns to model_analysis
Appendix E.IV.k Analyse Observed versus Modelled Quantity Data
function results=model_quantity(observed, model,overflow)
analysis_set(:,1)=model(:,1);
analysis_set(:,2)=model(:,2)*1000; %runoff
analysis_set(:,3)=model(:,3)*1000; %link data
analysis_set(:,4)=model(:,4)*1000; %overflow
size=length(observed);
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runoff parameters
% determine the relative error of modelling runoff
k_dataset(:,1)=observed(:,1);
k_dataset(:,2)=observed(:,4);
size2=length(analysis_set(:,1));
for index = 1:size
[row,column]=find(analysis_set(:,1)== observed(index,1), 1,
'first');
if isempty(row) == 1
index=index+1;
elseif row<= size2
k_dataset(index,3)=analysis_set(row,2);
index=index+1;
end
end
k_dataset(:,4)=(k_dataset(:,3)-k_dataset(:,2));
for index = 1:size
if k_dataset(index,2)>0
k_dataset(index,4)=k_dataset(index,4)/k_dataset(index,2);
else
k_dataset(index,4)=0;
end
end
k=sum(k_dataset(:,4)*(1/size));
results(1,1)=k;
% determine the square root error of modelling runoff
f_dataset(:,1)=k_dataset(:,1);
f_dataset(:,2)=sqrt(k_dataset(:,2));
f_dataset(:,3)=sqrt(k_dataset(:,3));
f_dataset(:,4)=f_dataset(:,2)-f_dataset(:,3);
f=sum(f_dataset(:,4));
results(2,1)=f;
% determine the mean square root error of modelling runoff
g_dataset(:,1)=k_dataset(:,1);
g_dataset(:,2)=k_dataset(:,2);
g_dataset(:,3)=k_dataset(:,3);
g_dataset(:,4)=g_dataset(:,2)-g_dataset(:,3);
g=sum(g_dataset(:,4))/size;
if g<0
g=sqrt(-1*g);
else
g=sqrt(g);
end
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results(3,1)=g;
% determine the Nash-Sutcliffe Efficiency for modelling runoff
E_dataset(:,1)=k_dataset(:,1);
E_dataset(:,2)=k_dataset(:,2);
E_dataset(:,3)=k_dataset(:,3);
E_dataset(:,4)=(E_dataset(:,2)-E_dataset(:,3));
E_dataset(:,4)=E_dataset(:,4).^2;
count =1 ;
for index = 1 : length(E_dataset(:,1))
if E_dataset(index,2)>0
average(count)=E_dataset(index,2);
count=count+1;
end
index=index+1;
end
averagenumber=mean(average,1);
E_dataset(:,5)=(E_dataset(:,2)-averagenumber);
E_dataset(:,5)=E_dataset(:,5).^2;
E=1-(sum(E_dataset(:,4))/sum(E_dataset(:,5)));
results(4,1)=E;
Discharge parametres
clear k_dataset f_dataset g_dataset E_dataset average
% determine the relative error of modelling runoff
k_dataset(:,1)=observed(:,1);
k_dataset(:,2)=observed(:,3);
size2=length(analysis_set(:,1));
for index = 1:size
[row,column]=find(analysis_set(:,1)== observed(index,1), 1,
'first');
if isempty(row) == 1
index=index+1;
else
k_dataset(index,3)=analysis_set(row,3);
index=index+1;
end
end
k_dataset(:,4)=(k_dataset(:,3)-k_dataset(:,2));
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for index = 1:size
if k_dataset(index,2)>0
k_dataset(index,4)=k_dataset(index,4)/k_dataset(index,2);
else
k_dataset(index,4)=0;
end
end
k=sum(k_dataset(:,4)*(1/size));
results(1,2)=k;
% determine the square root error of modelling runoff
f_dataset(:,1)=k_dataset(:,1);
f_dataset(:,2)=sqrt(k_dataset(:,2));
f_dataset(:,3)=sqrt(k_dataset(:,3));
f_dataset(:,4)=f_dataset(:,2)-f_dataset(:,3);
f=sum(f_dataset(:,4));
results(2,2)=f;
% determine the mean square root error of modelling runoff
g_dataset(:,1)=k_dataset(:,1);
g_dataset(:,2)=k_dataset(:,2);
g_dataset(:,3)=k_dataset(:,3);
g_dataset(:,4)=g_dataset(:,2)-g_dataset(:,3);
g=sum(g_dataset(:,4))/size;
if g<0
g=sqrt(-1*g);
else
g=sqrt(g);
end
results(3,2)=g;
% determine the Nash-Sutcliffe Efficiency for modelling runoff
E_dataset(:,1)=k_dataset(:,1);
E_dataset(:,2)=k_dataset(:,2);
E_dataset(:,3)=k_dataset(:,3);
E_dataset(:,4)=(E_dataset(:,2)-E_dataset(:,3));
E_dataset(:,4)=E_dataset(:,4).^2;
count =1 ;
for index = 1 : length(E_dataset(:,1))
if E_dataset(index,2)>0
average(count)=E_dataset(index,2);
count=count+1;
end
index=index+1;
end
averagenumber=mean(average,1);
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E_dataset(:,5)=(E_dataset(:,2)-averagenumber);
E_dataset(:,5)=E_dataset(:,5).^2;
E=1-(sum(E_dataset(:,4))/sum(E_dataset(:,5)));
results(4,2)=E;
Overflow Parameters
clear k_dataset f_dataset g_dataset E_dataset average
k_dataset(:,1)=overflow(:,1);
k_dataset(:,2)=overflow(:,2);
size2=length(overflow(:,1));
count =1;
for index = 1:size2
[row,column]=find(analysis_set(:,1) == overflow(index,1), 1,
'first');
if isempty(row) == 1
index=index+1;
else
k_dataset(count,3)=sum(analysis_set(count:row,4))*60*1000;
count=count+1;
index=index+1;
end
end
k_dataset(:,4)=(k_dataset(:,3)-k_dataset(:,2));
size=length(k_dataset(:,1));
for index = 1:size
if k_dataset(index,2)>0
k_dataset(index,4)=k_dataset(index,4)/k_dataset(index,2);
else
k_dataset(index,4)=0;
end
end
k=sum(k_dataset(:,4)*(1/size));
results(1,3)=k;
% determine the square root error of modelling runoff
f_dataset(:,1)=k_dataset(:,1);
f_dataset(:,2)=sqrt(k_dataset(:,2));
f_dataset(:,3)=sqrt(k_dataset(:,3));
f_dataset(:,4)=f_dataset(:,2)-f_dataset(:,3);
f=sum(f_dataset(:,4));
results(2,3)=f;
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% determine the mean square root error of modelling runoff
g_dataset(:,1)=k_dataset(:,1);
g_dataset(:,2)=k_dataset(:,2);
g_dataset(:,3)=k_dataset(:,3);
g_dataset(:,4)=g_dataset(:,2)-g_dataset(:,3);
g=sum(g_dataset(:,4))/size;
if g<0
g=sqrt(-1*g);
else
g=sqrt(g);
end
results(3,3)=g;
% determine the Nash-Sutcliffe Efficiency for modelling runoff
E_dataset(:,1)=k_dataset(:,1);
E_dataset(:,2)=k_dataset(:,2);
E_dataset(:,3)=k_dataset(:,3);
E_dataset(:,4)=(E_dataset(:,2)-E_dataset(:,3));
E_dataset(:,4)=E_dataset(:,4).^2;
count =1 ;
for index = 1 : length(E_dataset(:,1))
if E_dataset(index,2)>0
average(count)=E_dataset(index,2);
count=count+1;
end
index=index+1;
end
averagenumber=mean(average,1);
E_dataset(:,5)=(E_dataset(:,2)-averagenumber);
E_dataset(:,5)=E_dataset(:,5).^2;
E=1-(sum(E_dataset(:,4))/sum(E_dataset(:,5)));
results(4,3)=E;
end
Appendix E.IV.l Analyse Observed versus Modelled Water Level
function [results_level, l_dataset]=level_analysis(observed, model)
analysis_set=model(:,1); % set the dates for the analysis
analysis_set(:,2)=model(:,2); %assigns the water level modelled
depth=input('what is the invert level of the tank?');
%determine the invert level of the tank in the model
size=length(analysis_set(:,1)); %determines the lenght of the
data set
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%determine maximum data of modelling to reduce calculations
maximum_date=analysis_set(size,1); %determines the maximum date
of modelling
[row_max, column_max]=find(observed(:,1)>= maximum_date, 1,
'first'); % determines the row of this date in the measured set
row_max=row_max-1; %reduces the row count
l_dataset(:,1)=observed(1:row_max,1); %assigns the measured data
set to the analysis set
l_dataset(:,2)=observed(1:row_max,2)+depth; %assigns measured
data set to the analysis set
count=1; %initial counter
size2=length(observed(:,1)); % determines size of the measured
data set
for index = 1:row_max(1,1)
[row,column]=find(analysis_set(:,1)==observed(index,1),1,'first'); %
finds the corrosponding row in the modelled data set
if isempty(row) == 1
index=index+1; % increases the counter by 1 if there is
no equivalent
elseif row<size
l_dataset(index,3)=analysis_set(row,2); %assigns the
modelled date to the equivalent date
count=count+1; %increases counter
index=index+1; %increases counter
end
end
size=length(l_dataset(:,1)); %determines the length of the
analysis set
for index=1:size
if l_dataset(index,3)==0 % determines the zero entries
l_dataset(index,5)=0;
else
l_dataset(index,5) = l_dataset(index,2)-
l_dataset(index,3); %computes the nominator
l_dataset(index,5) = l_dataset(index,5).^2; %computes
the nominator ^2
end
index = index+1; % increases the counter by 1
end
total_l = sum(l_dataset(:,5)); %computes the total error
result = total_l/size; %computes the average error
results_level(1,1)=sqrt(result); %computes the square root of
the error
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count=1; %sets counter to 1
for index=1:size
if l_dataset(index,3)==0
else
correlation(count,1)=l_dataset(index,2); %assigns the
data when there is no zero
correlation(count,2)=l_dataset(index,3);%assigns the
data when there is no zero
count=count+1; %increases the counter
end
index = index+1; % increases the counter
end
rho_dataset=corr(correlation(:,1),correlation(:,2)); %computes
the correllation
results_level(1,2)=rho_dataset; % assigns the correllation to
the results
end %return to model_analysis
Appendix E.IV.m Analyse Observed versus Modelled Water Quality Data
This function is the same for the overflow as well as the tank water quality
analysis.
function [results, combi_TS, combi_TP,
combi_TN]=quality_analysis(TS, TP, TN, TS_obs, TP_obs, TN_obs)
% computing the error between the modelled and measured TS
size=length(TS(:,1)); % determines the length of the modelled TS
dataset
maximum_date=TS(size,1); % determines the maximum date of the
modelled TS dataset
[row_max, column_max]=find(TS_obs(:,1)>= maximum_date, 1,
'first'); %determines the row for the maximum date in the observed
data
h_dataset(:,1)=TS_obs(:,1); %assigns the observed data to the
analysis set
h_dataset(:,2)=TS_obs(:,2); %assigns the observed data to the
analysis set
count=1; % sets the counter to 1
size2=length(TS_obs(:,1));
for index = 1:size2
[row,column]=find(TS(:,1)>=TS_obs(index,1),1,'first'); %
determines the row of the measured data
if isempty(row) == 1
index=index+1; % increases the counter
else
h_dataset(index,3)=TS(row,2); %assigns the associated
data to the analysis data set
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count=count+1; % increases the counter
index=index+1; % increases the other counter
end
end
size=length(h_dataset(:,1)); % determines the length of the data
analysis set
h_dataset(:,4) = h_dataset(:,2)-h_dataset(:,3); % computes the
error
for index = 1:length(h_dataset(:,1))
if h_dataset(index,2)>0 %determines if the denominator is
above zero
h_dataset(index,4)=h_dataset(index,4)/h_dataset(index,2); % computes
the average error
else
h_dataset(index,4)=0; %assigns zero when there is a
value of zero in the denominator
end
end
total_h = sum(h_dataset(:,4)); %sums the total error
results(1,1) = total_h/size; %averages the total error
h_dataset(:,5)=h_dataset(:,2)-h_dataset(:,3); % computes the
error
for index = 1:length(h_dataset(:,1))
if h_dataset(index,2)>0 %determines if the denominator is
above zero
h_dataset(index,5)=h_dataset(index,5)/h_dataset(index,2); % computes
the average error
else
h_dataset(index,5)=0; %assigns zero when there is a
value of zero in the denominator
end
end
h_dataset(:,5)=abs(h_dataset(:,5)); %computes the absolute error
total_j = sum(h_dataset(:,5)); % computes the sum of the
absolute error
results(2,1)=total_j/size; % computes the average absolute error
combi_TS=h_dataset; %assigns the data set to an export set for
potential plotting
% computing the error between the modelled and measured TP
clear h_dataset size total_h total_j % clears the datasets
size=length(TP(:,1)); %determines the length of the data set
maximum_date=TP(size,1); %determines the maximum date of the
dataset
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[row_max, column_max]=find(TP_obs(:,1)>= maximum_date, 1,
'first'); % determines the end row of the dataset
size2=length(TP_obs(:,1));
h_dataset(:,1)=TP_obs(:,1); % assigns the data to the
analysis data set
h_dataset(:,2)=TP_obs(:,2); % assigns the data to the
analysis data set
for index = 1:size2
[row,column]=find(TP(:,1)>=TP_obs(index,1),1,'first'); %
finds the correlled row in the modelled data
if isempty(row) == 1
index=index+1; % increases the counter by 1
else
h_dataset(index,3)=TP(row,2); %assigns the data to
the correct date
index=index+1; % increases the counter by 1
end
end
size=length(h_dataset(:,1)); %determines the lenght of the
data set
h_dataset(:,4) = h_dataset(:,2)-h_dataset(:,3); % computes
the error
for index = 1:size
if h_dataset(index,2)>0
h_dataset(index,4)=h_dataset(index,4)/h_dataset(index,2); %
computes the average error when denominator is not zero
else
h_dataset(index,4)=0; %assigns zero to the error
when the denominator is zero
end
end
total_h = sum(h_dataset(:,4)); % computes the total error
results(1,2) = total_h/size; % computes the average error
h_dataset(:,5)=h_dataset(:,2)-h_dataset(:,3); % computes the
error
for index = 1:length(h_dataset(:,1))
if h_dataset(index,2)>0
h_dataset(index,5)=h_dataset(index,5)/h_dataset(index,2); %
computes the average error when denominator is not zero
else
h_dataset(index,5)=0;%assigns zero to the error when
the denominator is zero
end
end
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h_dataset(:,5)=abs(h_dataset(:,5)); % determines the
absolute error
total_j = sum(h_dataset(:,5)); % computes the total absolute
error
results(2,2)=total_j/size; % computes the average absolute
error
combi_TP=h_dataset; % assigns the dataset to the output data
% computing the error between the modelled and measured TS
clear h_dataset size total_h total_j % clears the data sets
size=length(TN(:,1)); % computes the total length of the
observed data
maximum_date=TN(size,1); % determines the maximum data of the
observed data
[row_max, column_max]=find(TN_obs(:,1)>= maximum_date, 1,
'first'); % finds the maximum date of the observed data in the
modelled data
h_dataset(:,1)=TN_obs(:,1); % assigns the observed data to the
analysis set
h_dataset(:,2)=TN_obs(:,2); % assigns the observed data to the
analysis set
size2=length(TN_obs(:,1));
for index = 1:size2
[row,column]=find(TN(:,1)>=TN_obs(index,1),1,'first'); %
determines the row for the same date
if isempty(row) == 1
index=index+1; % increases the counter by 1
else
h_dataset(index,3)=TN(row,2); % assigns the data to
the relevant date
index=index+1; % increases the counter by 1
end
end
size=length(h_dataset(:,1)); % determines the length of the
data set
h_dataset(:,4) = h_dataset(:,2)-h_dataset(:,3); % computes
the error
for index = 1:length(h_dataset(:,1))
if h_dataset(index,2)>0
h_dataset(index,4)=h_dataset(index,4)/h_dataset(index,2); % computes
the relative error
else
h_dataset(index,4)=0; % sets results to zero when
denominator is zero
end
end
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total_h = sum(h_dataset(:,4)); % sums the error
results(1,3) = total_h/size; % determines the average error
h_dataset(:,5)=h_dataset(:,2)-h_dataset(:,3); %computes the
error
for index = 1:length(h_dataset(:,1))
if h_dataset(index,2)>0
h_dataset(index,5)=h_dataset(index,5)/h_dataset(index,2); % computes
the relative error
else
h_dataset(index,5)=0; % sets results to zero when
denominator is zero
end
end
h_dataset(:,5)=abs(h_dataset(:,5)); % determines the
absolute error
total_j = sum(h_dataset(:,5)); % computes the total absolute
error
results(2,3)=total_j/size; % computes the average error
combi_TN=h_dataset;
end %return to model_analysis
if isempty(row) == 1
index=index+1; % increases the counter by 1
elseif row<=size
h_dataset(index,3)=TN_obs(row,2); % assigns the data
to the relevant date
index=index+1; % increases the counter by 1
end
end
size=length(h_dataset(:,1)); % determines the length of the
data set
h_dataset(:,4) = h_dataset(:,2)-h_dataset(:,3); % computes
the error
for index = 1:length(h_dataset(:,1))
if h_dataset(index,2)>0
h_dataset(index,4)=h_dataset(index,4)/h_dataset(index,2); % computes
the relative error
else
h_dataset(index,4)=0; % sets results to zero when
denominator is zero
end
end
total_h = sum(h_dataset(:,4)); % sums the error
results(1,3) = total_h/size; % determines the average error
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h_dataset(:,5)=h_dataset(:,2)-h_dataset(:,3); %computes the
error
for index = 1:length(h_dataset(:,1))
if h_dataset(index,2)>0
h_dataset(index,5)=h_dataset(index,5)/h_dataset(index,2); % computes
the relative error
else
h_dataset(index,5)=0; % sets results to zero when
denominator is zero
end
end
h_dataset(:,5)=abs(h_dataset(:,5)); % determines the
absolute error
total_j = sum(h_dataset(:,5)); % computes the total absolute
error
results(2,3)=total_j/size; % computes the average error
else
results(1,3)= NaN; % sets results to NaN, when there is no
measrued data
results(2,3) = NaN; % set the results to NaN, when there is
no measured data
end
combi_TN=h_dataset;
end %return to model_analysis
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Appendix F Results
Appendix F.I Stormwater results
Table Appendix F.I-1 Summary statistics of stormwater
pollution
Date & time Flow (LS-1) Pollutant Units Mean Error 5% 95%
27/10/2008 0
Aluminium mg L-1 0.041 0.040
Copper mg L-1 0.006 0.001
Lead mg L-1 0.001 0.001
Zinc mg L-1 <0.01 0.01
Hardness mg L-1 69.0 0.44
03/11/2008 0.024
pH - 7.24 0.08
Temp ºC 20.38 0.53
Turbidity NTU 1.07 0.09
DO mg L-1 9.58 0.50
Conductivity μS cm-1 82.4 2.90
Aluminium mg L-1 0.061 0.04
Copper mg L-1 0.01 0.01
Lead mg L-1 0.001 0.001
Zinc mg L-1 0.02 0.01
Hardness mg L-1 81.3 0.44
7/11/2008 0.036 pH - 7.53 0.08
Temp ºC 20.43 0.53
Turbidity NTU 1.38 0.09
DO mg L-1 10.29 0.50
 Conductivity μS cm-1 1029 2.90
Copper mg L-1 0.008 0.001
Lead mg L-1 0.001 0.001
Zinc mg L-1 <0.01 0.01
Hardness mg L-1 75.1 0.44
25/11/2008 0.064
E. coli cfu 100 mL-1 1700 0.50 700 4000
TC cfu 100 mL-1 17000 - 12000 22000
TTC cfu 100 mL-1 4000 - 2300 7100
pH - 7.38 0.08
Temp ºC 23.06 0.53
Turbidity NTU 0.71 0.09
DO mg L-1 10.19 0.50
Conductivity μS cm-1 820 2.90
Copper mg L-1 0.009 0.001
Lead mg L-1 0.001 0.001
Zinc mg L-1 0.01 0.01
Hardness mg L-1 82.3 0.44
01/12/2008 0.086
pH - 7.35 0.08
Temp ºC 21.97 0.53
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Date & time Flow (LS-1) Pollutant Units Mean Error 5% 95%
Turbidity NTU 0.95 0.09
DO mg L-1 9.58 0.50
Conductivity μS cm-1 806 2.90
Copper mg L-1 0.009 0.001
Lead mg L-1 0.002 0.001
Zinc mg L-1 0.03 0.01
Hardness mg L-1 85.5 0.44
08/12/2008 0.060
Enterococcus sp. cfu 100 mL-1 800 - 470 1200
pH - 7.09 0.08
Temp ºC 21.97 0.53
Turbidity NTU 1.04 0.09
DO mg L-1 9.48 0.50
Conductivity μS cm-1 743 2.90
Copper mg L-1 0.005 0.001
Lead mg L-1 0.004 0.001
Zinc mg L-1 0.02 0.01
Hardness mg L-1 84.3 0.44
15/12/2008 0.204 pH - 7.20 0.08
Temp ºC 19.64 0.53
Turbidity NTU 1.14 0.09
DO mg L-1 9.84 0.50
 Conductivity μS cm-1 699 2.90
Copper mg L-1 0.009 0.001
Lead mg L-1 0.007 0.001
Zinc mg L-1 6.28 0.01
Hardness mg L-1 84.5 0.44
12/01/2009 0.061
pH - 8.07 0.08
Temp ºC 23.01 0.53
Turbidity NTU 1.45 0.09
DO mg L-1 9.27 0.50
Conductivity μS cm-1 735 2.90
TP mg L-1 0.45 0.033
Copper mg L-1 2.3 0.001
Lead mg L-1 0.031 0.001
Zinc mg L-1 0.11 0.01
Hardness mg L-1 103.6 0.44
27/01/2009 0.500
pH - 7.64 0.08
Temp ºC 23.31 0.53
Turbidity NTU 5.37 0.09
DO mg L-1 9.33 0.50
Conductivity μS cm-1 89.3 2.90
TN mg L-1 1.37 0.11
TP mg L-1 0.63 0.163
Copper mg L-1 1.2 0.001
Lead mg L-1 0.021 0.001
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Date & time Flow (LS-1) Pollutant Units Mean Error 5% 95%
Zinc mg L-1 2.23 0.01
Hardness mg L-1 87.7 0.44
16/02/2009 0.460
Enterococcus sp. cfu 100 mL-1 5150 - 4300 6000
pH - 6.59 0.08
Temp ºC 19.18 0.53
Turbidity NTU 8.32 0.09
DO mg L-1 6.59 0.50
Conductivity μS cm-1 430 2.90
Copper mg L-1 0.005 0.001
Lead mg L-1 0.005 0.001
Zinc mg L-1 6.72 0.01
Hardness mg L-1 81.4 0.44
23/02/2009 0.167 pH - 6.67 0.08
Temp ºC 22.77 0.53
Turbidity NTU 1.04 0.09
DO mg L-1 9.06 0.50
 Conductivity μS cm-1 652 2.90
TN mg L-1 0.75 0.11
TP mg L-1 0.44 0.023
Copper mg L-1 0.011 0.001
Lead mg L-1 0.006 0.001
Zinc mg L-1 5.5 0.01
Hardness mg L-1 82.5 0.44
06/04/2009 0.472
Enterococcus sp. cfu 100 mL-1 900 - 550 1300
pH - 6.84 0.08
Temp ºC 18.76 0.53
Turbidity NTU 3.46 0.09
DO mg L-1 9.63 0.50
Conductivity μS cm-1 790 2.90
Copper mg L-1 0.012 0.001
Lead mg L-1 0.035 0.001
Zinc mg L-1 5.3 0.01
Hardness mg L-1 26.5 0.44
25/05/2009 0.431
E. coli cfu 100 mL-1 90 0.50 70 120
TC cfu 100 mL-1 4600 - 3000 6900
TTC cfu 100 mL-1 90 - 70 120
Enterococcus sp. cfu 100 mL-1 210 - 120 300
pH - 6.40 0.08
Temp ºC 16.50 0.53
Turbidity NTU 1.89 0.09
DO mg L-1 10.00 0.50
Conductivity μS cm-1 738 2.90
Copper mg L-1 0.007 0.001
Lead mg L-1 0.016 0.001
Zinc mg L-1 2.99 0.01
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Date & time Flow (LS-1) Pollutant Units Mean Error 5% 95%
Hardness mg L-1 50.5 0.44
01/06/2009 0.205
pH - 6.45 0.08
Temp ºC 15.78 0.53
Turbidity NTU 0.62 0.09
DO mg L-1 9.92 0.50
Conductivity μS cm-1 823 2.90
Copper mg L-1 0.006 0.001
Lead mg L-1 0.014 0.001
Zinc mg L-1 6.92 0.01
Hardness mg L-1 74.0 0.44
22/06/2009 0.417
pH - 6.40 0.08
Temp ºC 14.94 0.53
Turbidity NTU 4.63 0.09
DO mg L-1 10.68 0.50
Conductivity μS cm-1 691 2.90
TN mg L-1 0.94 0.11
TP mg L-1 0.058 <0.002
Aluminium mg L-1 0.25 0.04
Copper mg L-1 0.007 0.001
Lead mg L-1 0.019 0.001
Zinc mg L-1 0.03 0.01
Hardness mg L-1 96.2 0.44
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Appendix F.II Pilot Study
Appendix F.II.a Quantity Results
Appendix F.II.a.i Antecedent Time and Losses
Site 1
Figure Appendix F-1 Antecedent time for Site 1 rainfall
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Figure Appendix F-2 Antecedent time for Site 1 flow
Figure Appendix F-3 Initial Loss Site 1
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Site 2
Figure Appendix F-4 Antecedent time for Site 2 rainfall
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Appendix F.II.a.ii Hyetographs and Hydrographs
Site 1
Figure Appendix F-5 shows typical hyetographs and hydrographs for Site 1
rainfall and run-off. All hyetographs and hydrographs are included in the
CD titled ‘Data’.
Figure Appendix F-5 Typical hyeto – and hydro-graphs for Site 1
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Site 2
Figure Appendix F-6 shows typical hyetographs and hydrographs for Site 2
rainfall and run-off. The figure clearly shows the error in the run-off for site
2. All hyetographs and hydrographs are included in the CD titled ‘Data’.
Figure Appendix F-6 Typical hyeto – and hydro-graphs for Site 2
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Appendix F.II.b Water Balance
Appendix F.II.b.i Site 1
Figure Appendix F-7 Volume of water in Tank 1
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Figure Appendix F-8 Volume of Overflow 1
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Appendix F.II.b.ii Site 2
Figure Appendix F-9 Volume of water in Tank 2
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Figure Appendix F-10 Measured and recorded overflow Tank 2
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Appendix F.II.c Pilot RWT Model
Appendix F.II.c.i XP-SWMM Sensitivity Analysis
Figure Appendix F-11 Distribution of
behaviour and non-behaviour generating
catchment slope in XP-SWMM (randomly
generated)
Figure Appendix F-12 Distribution of
behaviour and non-behaviour generating
Laurenson's B in XP-SWMM (randomly
generated)
Figure Appendix F-13 Distribution of
behaviour and non-behaviour generating
Laurenson's n in XP-SWMM (randomly
generated)
Figure Appendix F-14 Distribution of
behaviour and non-behaviour generating
Manning's n in XP-SWMM (randomly
generated)
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Figure Appendix F-15 Distribution of
behaviour and non-behaviour generating
tank area in XP-SWMM (randomly
generated)
Figure Appendix F-16 Distribution of
behaviour and non-behaviour generating
downpipe slope in XP-SWMM (randomly
generated)
Figure Appendix F-17 Distribution of
behaviour and non-behaviour generating
downpipe Manning's n in XP-SWMM
(randomly generated)
Figure Appendix F-18 Distribution of
behaviour and non-behaviour generating
tank depth in XP-SWMM (randomly
generated)
Figure Appendix F-19 Distribution of
behaviour and non-behaviour generating
overflow Manning's n in XP-SWMM
(randomly generated)
Figure Appendix F-20 Distribution of
behaviour and non-behaviour generating
TS coefficient a in XP-SWMM (randomly
generated)
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Figure Appendix F-21 Distribution of
behaviour and non-behaviour generating
TS coefficient b in XP-SWMM (randomly
generated)
Figure Appendix F-22 Distribution of
behaviour and non-behaviour generating
TP coefficient a in XP-SWMM (randomly
generated)
Figure Appendix F-23 Distribution of
behaviour and non-behaviour generating
TP coefficient b in XP-SWMM (randomly
generated)
Figure Appendix F-24 Distribution of
behaviour and non-behaviour generating
TS washoff k in XP-SWMM (randomly
generated)
Figure Appendix F-25 Distribution of
behaviour and non-behaviour generating
TS washoff exponent in XP-SWMM
(randomly generated)
Figure Appendix F-26 Distribution of
behaviour and non-behaviour generating
TP washoff k in XP-SWMM (randomly
generated)
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Figure Appendix F-27 Distribution of
behaviour and non-behaviour generating
TP washoff exponent in XP-SWMM
(randomly generated)
Figure Appendix F-28 Distribution of
behaviour and non-behaviour generating
initial concentration of TS in tank in XP-
SWMM (randomly generated)
Figure Appendix F-29 Distribution of
behaviour and non-behaviour generating
initial concentration of TP in tank in XP-
SWMM (randomly generated)
Figure Appendix F-30 Distribution of
behaviour and non-behaviour generating
%removal in tank for TS in tank in XP-
SWMM (randomly generated)
Figure Appendix F-31 Distribution of
behaviour and non-behaviour generating %
removal in tank for TP in tank in XP-
SWMM (randomly generated)
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Appendix F.II.c.ii MUSIC Sensitivity Analysis
Figure Appendix F-32 Distribution of
behaviour and non-behaviour generating
high flow bypass into RWT in MUSIC
(randomly generated)
Figure Appendix F-33 Distribution of
behaviour and non-behaviour generating
volume of rainwater tank in MUSIC
(randomly generated)
Figure Appendix F-34 Distribution of
behaviour and non-behaviour generating
depth above the overflow in MUSIC
(randomly generated)
Figure Appendix F-35 Distribution of
behaviour and non-behaviour generating
area of the tank in MUSIC (randomly
generated)
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Figure Appendix F-36 Distribution of
behaviour and non-behaviour generating
diameter of overflow in MUSIC (randomly
generated)
Figure Appendix F-37 Distribution of
behaviour and non-behaviour generating
estimated demand in MUSIC (randomly
generated)
Figure Appendix F-38 Distribution of
behaviour and non-behaviour generating
baseflow TP – standard deviation in
MUSIC (randomly generated)
Figure Appendix F-39 Distribution of
behaviour and non-behaviour generating
stormflow TP – mean in MUSIC (randomly
generated
Figure Appendix F-40 Distribution of
behaviour and non-behaviour generating
stormflow TP – standard deviation in
MUSIC (randomly generated)
M.F.E. van der Sterren
491
Appendix F.III Longitudinal Study
Appendix F.III.a Water Quantity
Appendix F.III.a.i Site 1
Antecedent time rainfall
Figure Appendix F-41 Antecedent time Site 1 calibration data
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Antecedent time flow
Figure Appendix F-42 Antecedent time Site 1 validation data
Figure Appendix F-43 Antecedent time interval flow Site 1
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Figure Appendix F-44 Antecedent time interval validation flow Site 1
Figure Appendix F-45 Initial loss for calibration Site 1
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Figure Appendix F-46 Initial loss for validation Site 1
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Typical hyeto- and hydro-graph
Figure Appendix F-47 Typical hyeto- and hydro-graphs for calibration
Site 1
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5
Figure Appendix F-48 Typical hyeto- and hydro-graphs for validation
Site 1
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Figure Appendix F-49 Volume of water in tank 1
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Appendix F.III.a.ii Site 2
Longitudinal cross-sectional Study
Antecedent time interval
Figure Appendix F-50 Antecedent time interval for calibration rainfall
data Site 2
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Figure Appendix F-51 Antecedent time interval for validation rainfall
data Site 2
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Typical hyeto- and hydro-graphs
Figure Appendix F-52 Typical hyeto- and hydro-graphs for calibration
data Site 2
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Figure Appendix F-53 Typical hyeto- and hydro-graphs for validation
Site 2
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Figure Appendix F-54 Volume of water in tank 2
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Appendix G Modelling Layouts
Appendix G.I Lot Scale Rainwater Tank Model
Appendix G.I.a Lot scale model
Appendix G.II Lot Scale OSD basin Model
Appendix G.II.a Lot scale model
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Appendix G.III Catchment Scale Model
Appendix G.III.a Sub-catchment delineation
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Appendix G.III.b Catchment Scale Base model
